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PREFACE

This is a Final Technical Report on our investigations on the pathogenesis and
prevention of dysbaric disorders conducted under ONR Contract #N00014-75-C-0312
'\from June 1, 1968 to February 28, 1982.

{

i

The studies focused on three main areas: Decompression Sickness, Dysbaric Osteo-
necrosis and Dysbaric Alteration of the Blood-Brain Barrier. On decompression
sickness, attempts were made to elucidate pathogenetic mechanisms. Several hypo-
theses were advanced and novel pathogenetic concepts were proposed. On the tisis
of new theoretical considerations we were able to develop means for the prevention
or amelioration of the disease. Regarding dysbaric osteonecrosis, we developed

an animal model which permitted studies on the etiology predisposition and patho-
genesis of the disorder. The most recent investigations covered by this report
involve dysbaric modification of blood-tissue barriers, an observation which was

made in our Laboratories few years ago.

~The report includes an overview (summary) of the investigations conducted in these
areas with references to pertinent publications. In lieu of detailed description
of the work done, reprints of representative articles have been attached. We hope
that this material might be of help to those interested in the fields of dysbaric

disorders.,

1 am grateful to the Office of Naval Research, U.S. Navy, for the support and
cooperation that made these investigations possible. -My appreciation and thanks
is also extended to my collaborators, Drs. F. Teichner and G. Goldstein and to
G. Molenje, S. Marrin, 0. Yalis, J. Rice and E. McManus, for their technical and

secretarial assistance.

[N

Chryssanthos Chryssanthou, M.D:
Attending Pathologist, BIMC
Professor of Pathology, MSSM

July 12, 1982
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INTRODUCTION

Technological advances in the last 30 years made it possible for man to dive deeper
into the seas and climb higher into the atmosphere and the space beyond. The
expending industry of off shore drilling, the popularity of scuba diving and other
accelerated commercial, military, scientific and recreational activities are
responsible for more people getting farther away from the surface of our planet

more often and for longer periods.

Exposure to compressed air environments and underwater conditions is associated
with potential hazards including dysbaric disorders. The most common serious
disorder resulting from exposure to pressure changes is decompression sickness
which may develop following decompression from higher to lower or sea level
pressures (divers, caisson workers) or from atmospheric to sub-atmospheric
pressures (aviators, astronauts). In addition to the immediate and overt manifes-
tations of dysbaric disorders, pressure changes can cause potentially serious
conditions which exhbit no obvious clinical signs (e.g., blood brain barrier
alterations) or develop after long latent periods (osteonecrosis). These silent
or latent disorders are not necessarily associated with decompression sickness and
can develop in the absence of the disease. Because of these considerations, physio-
Togic problems related to the effects of pressure changes have assumed greater
importance and renewed attention has been focused on the etiology, mechanism,
prevention and treatment of dysbaric disorders. No significant progress in the
prevention and treatment of these conditions is expected as long as their patho-
genesis remains obscure. Under ONR support, we conducted for 14 years intensive
biomedical investigations on the mechanism and prevention of dysbaric disorders.
Our work was presented in many national and international meetings and resulted in

38 publications.




Introduction (continued)

Among our contributions in the field of dysbarism is the theory that development of
dysbaric disorders depends not only on the direct mechanical effects of gas bubbles
but also on complex secondary changes triggered by intravascular or tissue bubbles
which do not necessarily produce clinical manifestations ("silent" bubbles). Smooth
muscle stimulating substances, e.g., bradykinin, histamine, serotonin, prostaglandins
and SMAF (a new factor reported from our laboratory), are thought to be implicated
in the pathogenesis of decompression sickness and in other dysbaric disorders. On
the basis of this theory we were able to develop means for the amelioration and

even prevention of decompression sickness in mice. The effectiveneés of our prophy-
lactic treatment was subsequently confirmed by other investigators working with

dogs and hamsters. SMAF which has been isolated in various tissues of several
species, including humans, appears to play a role not only in dysbaric disorders

but also in other pathologic conditions such as shock.

Another contribution made by our studies is the observation that dysbaric exposure
can cause alteration of the blood-brain barrier. We also proposed the possible
involvement of blood-bubble interface activity in the mechanism of dysbaric phenomena

and provided data suggesting activation of humoral factors by gas bubbles.

The 'spectrum of our research on dysbaric disorders also includes significant work
on dysbaric osteonecrosis. Our laboratories developed an animal model suitable
for clinical, histological and biochemical studies on this bone lesion. This model
which has recently been included in the handbook, "Animal Models of Human Disease”
of the Armed Forces Institute of Pathology, has successfully been used by us and
other investigators in research on the etiology, pathogenesis, predisposing factors

and possible prevention of dysbaric osteonecrosis.

The following overview of the studies conducted from 1968 to 1982 and the charts
that summarize proposed pathogenetic mechanisms present a synopsis of our ONR

supported investigations. Details of this work can be found in the attached

reprints of related publications,
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OVERVIEW
DECOMPRESSION SICKNESS

Decompression sickness (DS) in caisson workers, divers, or aviators, although it
differs in the circumstances of development and progression of the process,
involves the same fundamental mechanism and thus exhibits many similarities in
its manifestation. Despite uncertainties regarding the origin, site, and mode of
action, gas bubbles are generally accepted as the basic initiating factor in the

production of the disorder.

Gas bubbles are formed first in tissues and the venous circulation, appearing
later in the arteries. The formation and growth of gas bubbles in tissues and
biood have several direct, as well as indirect, potentially detrimental effects.
They may obstruct blood flow and results in ischemia and infarction. Expanding

bubbles in muscles and tendons may cause pain by distorting and deforming nerve

endings. Ischemia and release or activation of humoral agents may also contribute
to the production of pain. Gas bubbles arising in the vessels and 1ipid-rich
tissues of the brain and spinal cord or air embolization of the central nervous
system could be responsible for neurologic manifestations, and embolization to

the lung could contribute to the respiratory signs of the disease.

The bubble theory, however, is not all-inclusive and leaves an appreciable deficit
in our understanding of various phenomena and problems in dysbaric disorders.
Signs of DS may develop without evidence of circulatory obstruction by gas
bubbles, and gas bubbles can exist without manifestation of the disease (the so-
called "silent”" bubbles). Furthermore, gas bubbles, or at least their direct

effects, cannot explain certain complications.

It se2ems plausible that gas bubbles only initiate a complex and self-propagating

disease process, the development and seriousness of which depend more on the

(16)

involvement of biohumoral and other factors than on the gas bubble itself.

Note: Thenumbers on the superscript refer to the list of publications.

-3-




Overview (continued)

Fat emboli produced by decompression injury to bone marrow and adipose tissue or
resulting from a gas-induced disruption of lipoprotein linkages in the blood, have
been implicated in the pathogenesis of the syndrome. Alterations of serum 1lipids
produced by exposure to compression-decohpression or by bubbling air have been
reported by our laboratory.(zs) Clumping of red blood cells was considered a
secondary complicating factor as early as 1938. Disseminated intravascular
coagulation associated with a fall in the circulating platelet count may also play

an important pathogenetic role.

Many of the previously mentioned complicating factors may be the result of surface
activity of the bubbles. Intravascular gas bubbles may act as foreign surfaces

to cause denaturation of plasma proteins, clumping of red blood cells, platelet
aggregation and adhesion, coalescence of plasma lipids, and activation of the
Hageman factor, which in turn could result in activation of the coagulation mecha-

(5,15,16,19) Gas-induced

nism, of the kinin system, and of other humoral agents.
osmosis resulting in changes of water concentration in certain tissues has also

been recently considered as a factor in DS and dysbaric osteonecrosis.

Our studies on dysbaric disorders led us to theorize that smooth muscie-stimulating
substances {vasoactive agents) are implicated in the pathogenesis of DS. (See
charts 1,2 and 3). This concept is based on the following observations which

were made in our laboratories in the last two decades.

a) Several of the histologic changes seen in animals injected with bradykinin
resemble the pathologic alterations observed in DS. (Aerospace Med. 35:741-

746, 1964)

b) Administration of bradykinin to animals subjected to compression-decompression
intensifies pathologic alterations and increases mortality in DS. (Aerospace

Med. 35: 741-746, 1964)




Overview (continued)

¢) Compounds which combine activities against bradykinin, histamine and 5-
hydroxytryptamine when administered prior to compression prevent or decrease
the intensity of pathologic changes and significantly reduce mortality in
DS. (“»18,31,33 and Aerospace Med. 35:741, 1964) Dimethothiazine (migristene),
2-(phenylpiperazinlymethyl)-cyclohexanone (PPCH) and cyproheptadine are most

effective in preventing ps. (18531)

d) The activity of a new humoral Smooth Muscle Acting Factor (SMAF)* increases

in DS.(3)

e) SMAF administration after compression and just prior to altitude decompression

increases susceptibility of thin mice to DS.(“)
f) PPCH counteracts this effect of SMAF and prevents development of DS.(“)

g) PPCH blocks the in vitro potentiating effect of SMAF on bradykinin.(ag)

(39)

h) Preliminary experiments suggest fhat SMAF increases and PPCH decreases

blood coagulability.

i) Preliminary experiments also suggest that SMAF induces platelet aggregation

. while dimethothiazine (migristene), which prevents DS, acts against platelet

v (38)

aggregation, as a "platelet protector".

*SMAF which was isolated in our laboratory originally from mouse lung was sub-
sequently found in several species (rabbit, rat, mouse, dog, human) and in a
variety of organs. Currently, it is being prepared from human placenta. SMAF
is a polypeptide with physical, chemical and pharmacological properties distinct
from those of similar substances. The most striking activity of SMAF is its
ability to increase responsiveness of smooth muscle to stimulants. In addition

to its involvement in DS, SMAF has also been implicated in hemorrhagic and

endotoxic shock.(‘7)




Overview (continued)

j) Blood or plasma subjected to compression-decompression or bubbled with air
exhibits an increase in smooth muscle stimulating activity and in SMAF
1evels.(‘5"9) This increase is not entirely dependent upon formed elements
of the blood. The activity is not attributable to histamine, acetylcholine
or S5-hydroxytryptamine. Polypeptides may account for at least part of the

(15)

smooth muscle stimulating activity.

The above observations clearly indicate that administration of smooth muscle

stimulating substances increases susceptibility or aggravates DS while inhibitors
or antagonists of these substances prevent or ameliorate the disease. OQur experi-
ments also show that extracts from animals or from blood subjected to compression-

decompression exhibit an increase in smooth muscle stimulating activity.

These findings led to a new pathogenetic concept. According toour theory, smooth
muscle stimulating factors released or activated in DS by a variety of possible
triggering mechanisms (e.g., gas-blood interphase phenomena, Hageman factor,
enzymes released from injured or ano*ic cells, etc.) (see chart 2) induce tissue
responses that could contribute to the production of the syndrome (e.g., circu-
latory changes favoring nucleation and growth of gas bubbles; respiratory changes
including bronchoconstriction and perivascular edema which could interfere with
eiimination of nitrogen and also cause respiratory distress; production of pain;
aggregation of platelets; increased vascular permeability contributing to hemo-

concentration and to hypovolemic shock) (see chart 3).

These pathogenetic considerations provided the basis for a novel pharmacologic
approach to the prevention or amelioration of DS. The DS-preventing effect of
dimethothiazine (a drug approved for certain clinical applications in Europe and
Canada) reported from our laboratories has attracted the interest of several
investigators. Ffvperimental work done in other laboratories indicates that

dimethothiazine protects dogs against decompression sickness, (Bull. Medsubhyp.

-6-




No. 12, p. 87, 1975) thus, confirming our original observations.

The drugs which prevent DS also cause a varying degree of drowsiness probably
because of their antihistaminic effect. This action is undesirable and also
raises the question as to whether central depression caused by these compounds

plays a role in their prophylactic effect.

Preliminary studies suggest that cyproheptadine, one of the drugs that prevents
or ameliorates DS, retains its protective effect when its sedative action is
neutralized or counteracted.(as) Further investigations, however, are required

to establish the effectiveness of this treatment.

DYSBARIC OSTEONECROSIS

Dysbaric osteonecrosis (DO) is a potentially crippling disease which has recently
been recognized as a major hazard in individuals subjected to large changes in
ambient pressure. The incidence of the lesion is alarmingly high ranging from
4% in Royal Navy divers to 60% in Japanese diving fishermen. The disorder has
also disabled pilots who have been exposed to hypobaric conditions and men

subjected to simulated high altitudes.

It is important to remember that DO is a latent lesion, not necessarily associ-
ated with decompression sickness and can develop after many years in subjects

who never experienced any dysbaric manifestations.

The etiology and pathogenesis of the disease are still obscure. Lack of a
suitable animal model is one of the reasons for slow progress in this field. We
developed an experimental osteonecrotic lesion with close similarities to the
human disease and several other advantages. Our animal model which has been
included in the Fascicles, "Animal Models of Human Disease" of the Armed Forces
Institute of Pathology(as) has been successfully used by us and other investi-

gators(®»19,21526,27,34 apd proc. 7th Symp. Underwater Physiol., p. 837, 1981)

-7-




for studies on the incidence, pathogenesis and predisposing factors of DO. A
total of 2,500 bones of animals subjected to dysbaric conditions were histologi-
cally examined in our laboratories. Our investigations yielded data which led to

the following conclusions:

a) Dybaric osteonecrosis can be experimentally produced in mice, particularly
in obese strains

b) There is a latent period of several months before the lesion is manifested

c) Inobesemice, the incidence is greater and the latent period shorter than
in thin siblings

c) With multiple exposures, the incidence is higher and the latent period
shorter than with single exposure

d) With stage compression, the incidence is lower than with rapid compression

f) Dysbaric osteonecrosis in mice appears to be independent of decompression
sickness

g) The pathogenesis of dysbaric osteonecrosis may involve several initiating

and contributing factors that act in concert or in sequence. (See chart 4.)

DYSBARIC MODIFICATION OF THE "BLOOD-BRAIN AND BLOOD-LUNG BARRIERS"

The presence of a blood-brain barrier has long been established. A blood-lung
bérrier has been proposed to explain failure of certain circulating substances
to penetrate pulmonary tissue (Proc. XVI Int'l. Congr. Zoology 2:87, 1963). 1In
1976 we reported that dysbaric exposure appears to "break" these barriers.(23)
Intravenously injected dyes (e.g., trypan blue) were found in significantly higher
concentrations in lung and brain tissue of animals which were subjected to dys-
baric conditions than in corresponding controTs.(z“) The extent of dye permeation
into the tissues was evaluated by gross and microscopic examination and by

spectrophotometric determination of dye concentration in tissue extracts. Sub-

sequently, it was shown that dysbaric exposure also modifies brain permeability

-8-




(30)

to antibiotics.

These findings which have been confirmed by other investigators (Neurology 66:238,
1979) have both, theoretical and practical implications. Dysbaric alteration of
blood-organ barriers and, particularly, of the blood-brain barrier is relevant and
important in dysbaric medicine for several reasons including the possible impli-
cation of such alterations in the pathogenesis of decompression sickness. Another
consideration which is noteworthy, is that increased permeability of the blood-
brain barrier under dysbaric conditions may be important regarding pharmaco-
therapy of persons subjected to such conditions. Alteration of the barrier in
divers and compressed air workers may allow certain drugs to enter the brain in
larger amounts and produce toxic or undesirable effects. Finally, modification

of the blood-brain barrier by dysbaric exposure may suggest new methods for
therapeutic or diagnostic administration of compounds that, under normal condi-

tions, do not penetrate the barrier or do so to a very limited extent.

The mechanism of dysbaric blood-brain barrier modification is still obscure.

Among various pathogenetic considerations, it was hypothesized that cerebral

vessel permeability may increase by the action of chemical agents released or

activated by gas bubb]es.(z“) We have shown in this regard, that SMAF, which

increases vascular permeability and is activated by dysbaric exposure 15_3112(3)
as well as by gas bubbles jg_ngrg,(IS) alters the blood-brain barrier when
ipjected intracarotidly into rabbits.(35) We also explored reversibility of
dysbaric alterations of the blood-brain barrier. Preliminary studies yielded

(37)

data suggesting that the barrier is restored in 24 hrs after dysbaric exposure.
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Studies on Dysbarism: lil. A Smooth
Muscle-acting Factor (SMAF) in
Mouse LLungs and Its Increase in
Decompression Sickness

CHRYSSANTHOS CHRYSsANTHOU, FriTz TEICHNER, GILBERT GOLD-
STEIN, JoHN KALBERER, JR., and WiLLIAM ANTOPOL

Levy Laboratories, Beth lsrael Medical Center, New York,

N.Y. 10003, and Department of Pathology, Mount Sinai School
of Medicine of the City University of New York, N. Y. 10029

CHryssantHor, ., F. Tucuser, G Gorvstrin, J. Kar-
BFRER, Jr.. and W. AxToroL. Studies on dysbarissm 111. 4 smooth
muscle-acting factor (SMAF) in mowuse lungs and tts increase in
decompression sickness. Aerospace Med. 41(1):43.48. 1970

A smooth muscle-acting factor (SMAF) was derived from
mouse lungs. The procedure for extraction and partial purifica-
tion is described. SMAF was shown to: (1) elicit contraction of
smooth muscle, (2) potentiate smooth muscle contractions pro-
duced by bradykinin, acetylcholine, 5-hydroxytryptamine and
histamine -and (3} increase vascular permeability. The activity
of SMAF was significantly higher in lung tissue from animals
subjected to compression-decompression than in lung tissue of
equal weight from controls. SMAF is probably a polypeptide or
a mixture of polypeptides. Physicochemical and pharmacological
properties differentiate SMAF from other polypeptides with simi-
lar actions. The possible role and significance of SMAF in the
pathogenesis of decompression sickness is discussed.

T WAS PREVIOUSLY REPORTED that bradykinin
and possibly other humoral smooth muscle stimulat-
ing substances may be implicated in the pathogenesis of
decompression sickness.* This hypothesis was supported
by the following observations: (1) Several of the his-
tologic changes seen in decompression sickness are simi-
lar to those produced by bradykinin, (2) bradykinin
intensifies the pathologic alterations and increases mor-
tality in decompression sickness, (3) bradykinin antagon-
ists and certain anti-inflammatory compounds ameliorate
or prevent development of the disease as evidenced by
the striking reduction in mortality and absence or de-
crease in severity of the pathologic changes.
“Seeking more direct evidence, the possibility that
smooth muscle stimulating or sensitizing substances are

This investigation was supported by the Office of Naval Re-
search, Department of the Navy, under Contract # N00014-68-A-
0393 (NR 101-735), the Saul Singer Foundation and the Lenore
Weinstein Fund.

released or activated in decompression sickness was ex-
plored. The present communication concerns a smooth
muscle-acting factor (SMAF), extracted from mouse
lungs, the activity of which increases in decompression
sickness.?

MATERIAL AND METHODS

Production of Decompression Sickness: Hereditary
obese hyperglycemic mice which are susceptible to de-
compression sickness' were emploved. These animals,
weighing 38-65 grams, were obtained from Jackson
Memorial Laboratories, Bar Harbor, Maine. They were
housed in metal cages in animal rooms with controlled
temperature (71 = 2°F) and relative humidity (50%)
and were fed Purina Laboratory Chow and water ad
libitum.

Decompression sickness was produced in these ani-
mals by a method previously described.*

Preparation of SMAF: In each experiment, lung ex-
tracts were prepared from two groups, one consisting of
five mice subjected to compression-decompression, the
other of five controls. A total of 14 experiments were
performed. In the extraction procedure, precautions
were taken to aveid or minimize the possibility of in
vitro activation of smooth muscle stimulating substances.
and to protect active substances against enzymatic de-
gradation. As soon as the animals were sacrificed (in
the experimental group the animals that did not succumb
were sacrificed 20 minutes after decompression), the
lungs were rapidly excised, pooled according to group,
weighed, and immediately placed in IN hydrochloric
acid (300 mg of lung tissue/ml) in a boiling water bath
for ten minutes. During this heating period, the lungs
were minced and homogenized by means of a glass
tissue grinder with teflon pestle or by sonication. Fol-
lowing heating, the homogenates were rapidly cooled

Reprinted from Aerospace Medicine, Vol. 41, No. 1, January 1970
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STUDIES ON DYSBARISAL L SMAF—CHRYSSANTHOU, B

in an ice bath, sovbean trypsin inhibitor (200 meg/ml
homogenate) was added. and the pl was raised to 7.6,
After centrifugation to remove coarse particulate matter
the supernatants were dialyzed against 30 volumes of
deionized water for 24 hours. The dialysates were con-
centrated under reduced pressure in a boiling water
bath, and seven volumes of absolute ethanol were added.
The precipitate formed was removed by centrifugation
and discarded. The supematant was placed in a boiling
water bath and evaporated to dryness under reduced
pressure. The residue obtained was extracted with 90%
ethanol; the extract was centrifuged and the supernatant
mixed with four volumes of ethyl ether. The precipitate
formed was desalted on Sephadex G-10 and then frac-
tionated on Sephadex G-25. When the absorption at
270 nm was plotted against the Sephadex G-25 fraction
number, the resulting curve showed two distinet peaks.
The first peak was completely separated from the sec-
ond by repeated passage through the column. The
cluates constituting the first peak were collected, lyo-
philized and used for bioassays and other tests. This
material will be referred to as SMAF. an acronym de-
rived from “smooth muscle-acting factor.”

Bioussays: The bioassays for detecting and estimating
smooth muscle stimulating and/or sensitizing activities
of SMAF were carried out on isolated guinea pig ileum
and hen rectal cecum suspended in a 3 ml bath of con-

A B
€ E
© N INAN A
1 l 1 Il ! II |
W, w w w w w
!
. | . " SMAFp g BKs  BKg
BK SMAF. ¢
SMAF
————a
minutes minutes

Fig. 1. A. Contrasting effects of SMAF and of bradykinin 3n
rat duodenum. SMAF (5 mg wet lung tissue/ml bath), BK
(bradykinin 20 ng/ml bath), w (washing). B. Comparison of
smooth muscle stimulating activity of SMAF from controls and
from decompressed animals on rat uterus. SMAFc.s (controls,
5 mg wet lung tissue/ml bath), SMAFp.. (decompressed 5 mg
wet lung tissue/ml bath), BKs and BK, (bradykinin 5 ng and
10 ng’ml bath), w (washing).

1" AL

tinvously oxyvgenated (93% O, and 5% CO.) Tyvrode's
solution at 34 C and on rat uterus and duodenum sus-
pended in a5l bath of continuously oxyvgenated De-
Jalow's solution at 28 C and 347 C respectively, C
tractions were recorded on a Grass polygraph. In orc
to detect and estimate smooth muscle stimulating ac-
tivity, SMAF from animals subjected to compression-
decompression and from controls were introduced into
the bath alone and the responses clicited by correspond-
ing doses (derived from equal amounts of wet Jung
tissue) were compared to each other and to those pro-
duced by known amounts of bradykinin. When smooth
muscle sensitizing activity to bradykinin, 5-hydroxytryp-
tamine, acetylcholine and histamine was to be assessed,
SMAF was introduced into the bath and after 2-3
minutes, without washing. followed by the addition of
one of the above agents. Whenever SMAF potentiated
the effect of any of the smooth muscle stimulating sub-
stances, the  potentiation  test  was  repeated  and
“bracketed™ by responses to the smooth muscle stimulat-
ing substance alone. In some bioassays SMAF wags pre-
ceded by introduction into the bath of chymotrypsin in
order to determine whether this agent sensitizes the
muscle to SMAF.  According to Edery’s findings ®
which were confirmed in our laboratories. chymotrypsin
sensitizes guinea pig ileum to various kinins, but not to
substance P, cledoising and angiotensin.  All bioassays
were repeated two or three times on the same muscle
preparation and at least once on another muscle prepa-
ration.

Permeability Studies: The effect of SMAF on vascular
permeability was studied by utilizing the “blucing” of
the rabbit’s skin method. Pontamine blue (37 mg/kg)
was injected intravenously in rabbits. Fifteen minutes
later SMAF from decompressed and control animals
was intradermally injected in the depilated abdominal
skin at different sites. One hour after the intradermal
injections the intensity and diameter of the resulting
“blueing” was recorded. In some experiments, a mix-
ture of SMAF and bradykinin or SMAF and histamine
was injected in order to explore the possibility that
SMAF may potentiate the effect of these agents on vas-
cular permeability. The volume of each intradermal in-
jection was 0.1 ml.

The following substances were used in these investi-
gations: soybean trypsin inhibitor (5x cryst.) (Mann Res.
Lab., Inc.), synthetic bradykinin (Sandoz), serotonin
creatinine sulfate (Mann Res. Lab., Inc.). histamine di-
hydrochloride (Fisher Scientific Co.), acetylcholine bro-

TABLE 1. COMPARISON®* OF ACTIVITY OF SMAF FROM DECOMPRESSED ANIMALS AND CONTROLS

Greater Activity

Effect on Total No. In Decompressed
Smooth Muscle Experiments®*® (No. Experiments)
Stimulating BT n
Sensitizing®** 14 9

Greater Ac.ivity
In Controls Equal Activity Statistical
(No. Experiments) (No. Experiments) Significance

1 1 Tpoooor
2 3 P<0.05

*SMAF preparations from decompressed animals and controls were compared in corresponding doses.  (Derived

from equal amounts ol wet lung tissue}.

**In each experiment two SMAF preparations were made. One from the pooled lung tissue of % animals sub-
jected to compression.decompression. the other from the pooled lung tisue of 5 controls,

**%Increase of the smooth muscle responsiveness to bradvkinin.
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STUDIES ON INSBARISM . T SNIAR
mide Matheson Coleman & Belb, envstalline ¢hvino-
teypsin (Miles Chamical Col), coboayvpeptidase B DIFP
WWorthington), pyiibenzamine hydvochlonide (Ciba), SQ
10, 613 Gnti-serotonin compound, Squibb), aliopine snl
fate (Buaonghs Wielllome & Co pontamine ~ky blue
6BX (DubPont).

RESULTS

Effects vn Belated Orcans: NMost SNAE preparations,
hoth from contiols and from animals subjected to com-
prossion dvk'mupn'ssiun, clicited sow
guinea pig ileum and rat wterus resembling those pro-
duced by Bradykhinine SMAE also produced contractions
of tat duodenum and hen rectal cecn in contrast to
Lbiaoh Linin, which cansed clavation or had no offect
1A, When SMAFE {rom animals subjected to
compression-decompression was compared to that fiom
the control gronp in corresponding doses, the fonmer
produced an appreciably areater response inmaost of the
evpetiments (Table . Figure 1B shows that SNAF
fronn control animals in 2 dose corresponding to 3 g
of wet Tung tissue 'ml of bath elicited a contraction of
the rat uterus equal to that produced by 3 g of brady-
Kinin ‘ml of bath. A corresponding dose of SNMAL fiom
aninals subjected to compression decompression pro-
duced approsimately a twofold greater response, cor-
responding to 10 ne hradyRinin m! of bath,

In addition to its smooth muscele stinmlating activity,
SMAF increased the semsitivity of smooth muscle to
bradykinin, histamine, .1ut\l(h()hn(- and 3-hydroxytryp-
tamine. The poteutiation of bradvkinin was of greater
magnitude and more constant than that of the other
agents, Figure 2 shows that SMATF extracted from com-
pressed-decompressed animals corresponding to 2.5 myg
of wet lung tissue'ml of hath increased the response
produced by 5 ng of bradykinin, ml of bath to that cor-
responding to 10 ng of bradvkinin, In most experiments,
SMAF from animals subjected to compression-decom-

FUSPIOLISES ()f

Jhcare

4 S e _
(‘ 1
) A
w
L |
' w _ ' ' ' ' -
{ PY SO AT
- SMAFg SMAFg  SMAFg SMAFg
Laararary
minules
Fig. 4. A, Fflect of antihistaminies, antiserotonin compound

and atropine on the smooth muscle stimulating activity of SNAF
on guinea pig ilenm. SMAF, (5 mg wet Tung tissue ‘m] bath),
PYR (pyiilienzamine 0.2 mcg'ml bath), SQ (SQ 10643 0.2
mcg ‘ml bath), AT (atropine 0.2 mcg 'ml bath), w (washing).

CHEYSSAN HIHOU, |
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prossion exhibited a greater potentiation of VoadyNinin
than did corresponding doses of SMAF from control
auials (FaDle Y (Fione 2% A dose response 1elution-
Jiip was observed hetween the aanount of SNMAF and

¢ \
“ j\, \\ . J\ - \ - j\_
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Fig. 2. Comparison of the biadybinin potedinting activity

of SMAE from o ntrals and from decompressed animals on 1at
uterns. BK. and BK.. (bradyvkinin 3 ng and 10 ng/ml hath),
SMAFe s 5 (contiols 2.3 mg wet Inng tisone ml hath), SNMAFL -,
Jocempressed 2.3 mg owet Tung tissuc 'ml bathy, w (wehing),

NN o

| ] I ! 1 | | J I ! ' |
- - - - - - - -
BX2p ' Br20 ] BX20 8%20 ex20
SMAFg SMAF o SMAFg
inutes
Fig. 3. Dose response relationship of the bradyKinin-poten-
tiating adtivity of SMAF on ra! utcrus. BRa (bradiykinin 20

ng ml bath), SMAF.,, SMAF. and SNMAF, (3 mg, 10 mg, and
15 mg wet lung ticcue ml bath), w (w.ohing).
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B. Fffect of carhovypeptidase B on the amooth muscle stimulat-
ing and sensitizing activity of SMAF on rat nterns. BK, (brady-
kinin 1 ng'ml hath), SMAF, (5 mg wet lung tissneml bath),
SMAF,.cr (Same as SMAF;, but incubated with carboxypepti-
dase B), w (waching).
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STUDIES ON DYSBARISM. HL SMAEF CHEYSSAN THOU,

the degree of potentiation (Figue 3). SMALF in doses
which, by themselves, did not clicit contiaction in-
creased the sensitivity of smooth ninsele o that it re-
sponded even to subthieshold doses of hiadykinin, The
msele stimulating activity as well as the potentiating
cffect of SNAF were not inhibited by antihistaninies,
atropine, or antiscratonin componnds (Fienre 1A), hut
were abolished or matkedly decreased when SMALE was
incubated with cabony peptidise B (1 mcg 50 g wet
Y tissue} prior to ity introduction into the organ bath
(Figure 1B). The degice of SNAF fuactivation by car-
boay peptidase B was divectly related to the incubiation
period,

When SMAF was tosted following addition of ¢hamo-

1 b t
SR B

YT e e . . e
R S Y 7 9 1
.&3.1“ '.-‘unlm‘ﬂuninnh:ulumnnl||||||||1I|lm ;

Fig. 5. Compuarison of the ¢ffect of SMAF from contraly and
from decompressed animals on vascular permeahility (“blucing”
of rabbit’s <kin), LC (SMAF from contiols, 25 mg wet lung
tissue), LD (SMAF from decompressed animals, 23 mg wet lnng
tissue), BK (hradykinin 1 meg).

ET AL,

trypsin to the Lath (0.2 mg ml of Lath), its smooth
minele stimuliding activity was makedly potentiated.
Chymoliy psin sensitized the rat aterns to SMAF to a
areater degree than it did to bradykinin, sinee, following
chymotny psin, subthirediold doses of SNAT clicited re-
sporses greater than those prodoced by above thieshold
doses of bradyKinin,

Effcets on Permeability: SNIAEF both from animals
subjocted to compression-decompression and from con-
trols increased vascular permeability, as evidenced by
the prodnction of “hlueing” in the 1abbit’s <kin. SMAF
from compiessed-decompressed animals praduced "blue-
ing” over a arger area and of greater intensity than did
concsponding doses of SMALF from control animals
(Figure 3). The effect of bradykinin and histaimine on
vascular permeability was incereased when these sub-
stances were mixed with SMAF. Tt was not possible,
however, to determine whether this was a potentiating
or an additive effect,

Physicochcmical Properties: Considering the extrae-
tion and purification procedures of SMAF, it can be
stuted that the active agent(s) iy heat stable (100°C),
dialvzable, water <oluble, cthanol soluble, and cthyl
ether insoluble. The fact that it is dialyzable and can
be inactivated by incubation with carboxypeptidase B
snggests that the active factor(s) is a polypeptide or a
mivture of polvpeptides of relatively small molecular
weight.

Differentition from  Other  Similar - Polypeptides:
SMAF shares many of its physicochemical character-
istics and Dbiological ¢ffects with a number of known
polypeptides. but it cannot be identified as any single
one of them. Table I presents some of the differences
between SMAF and some other biologically active poly-

TABLE II. DIFFERENCES BETWEEN SMAF AND SOME BIOLOGICALLY ACTIVE POLYPEPTIDES

Brady-  Subs.
. SMAF  kinin P

Ethanol (Abs.) soluble Yes Slightly
Inactivated by Yes No

carboxypeptidase B
Contraction of Yes

rat utcrus
Cuntraction of guinea Yes

pig ileum
Contraction of Yes Relax-

rat duodenum ation
Contraction of hen Yes Relax-

rectal cecum ation
Inhikited by atropine No

(guinea pig ileum) .
Potentiated by Yes No

chymotrypsin
Potentiates bradykinin Yes No
Potentiates 5-HT Yes
Patentiates histamine Yes

Potentiates acetylcholine  Yes

Increaces capillary Yes
permeahility

*A bradykinin potentiating peptide releated from fibrinegen by thrombin (sec ref. 11)

*°A bradykinin potentiating factor obtained frem sna

Angio-  Vawo- Oxy- Peptide Kuta-
tensin pressin tocin B* BPE**  presin®®®
No
No
Relax- No
ation
No No
Relax-  Relax-
ation ation
Partially .
No
No
No No
No )
Not in No No High
rabbits doses
only

ke venom (sce ref. 9)

**2A bradykinin potentiating liver extract (see ref. 14)
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SEUDIES ON DYSBAKRISAG TIL SMALF
pe ptides and agents which have been reported to poten-

tiate biadykinip s

DISCUSSION

The data presented indicate that SMAF prepared by
the methods deseribed is capable of eliciting smooth
musele contractions, of enliancing the rosponses of
smooth musele to brady Kining 3-hydrosytiy ptamine. ace-
tylcholine and Listawnine, and of increasing vascular
pormeability. The inarease in the magnitude of con-
taction elicited by amooth musele stimulating sub-
stances following addition of SMAEF (o the organ bath s
mterprcted as a potentiation of their action. This con-
chision s haced on the faet that he incrcase in the
magnitude of contraction was in eveess of that expected
iFitw o duc merely toan additive effeet,

The evact chemical composition of SMAF has oot
been determined. Its diadyzability and its inactivation
by proteolitic ensvmes snggest a poly peptide nature
Forther puification and characterization of SMAF is in
prozress. The possibility that the smooth muscele stimu-
Liting activity of SMAF s due to the presence of his-
tanine, 5 Tydroxytryptamine or acetvleholine can be
tuled out onat least three counts: the method of SNMAF
preparation, its enzymatic inactivation by carboxy pepti-
dase B, and the fact that antihistiminies, atropine. and
antiserotonin compounds did not inhibit smooth minsele
responses elicited by SMAF. The enzymatic inactivation
of SMAF also excludes the possibility that its «inooth
muscle sensitizing activity might he due to thiol com-
pounds (Glutathione, cysteine) which have been re-
ported to potentiate the response of cuinea pig ilenm
to hradykinin.

SMAF resembles several smooth muscle stimulating
polypeptides, particularly bradykinin, with which it
shares many physicochemical characteristios and phar-
macologic cffeets. In view of the above and considering
the: implication that SMAF is a new factor of poly-
peptide natare, its differentiation from similar biologi-
cally active polypeptides is necessary. Table 11 sum-
marizes some of the differences between SMAF and
other similar smooth muscle stimulating or sensitizing
agents,

The fact that the activity of SMAF extracted from
animals  subjected to  compression-decompression  is
greater than that of SMAF extracted from equal amounts
of hing tissue from control animals suggests that SMAF
may he released or activated in decompression sickness.
This further supports the original hypothesis that sinooth
muscle stimulating substances are involved in decom-
pression sickness.* The presence of SMAF in hing ex-
tracts of obese-hyperglycemic mice is not unique, since
it was also found in thin mice? as well as in rabbits.3

The role of SMAF in the pathogencsis of decompres-
sion sickness may be due to its direet effects on smooth
muscle and on vascular perineability as well as to its
potentiation of the effects of humoral factors with
smooth muscle stimulating activity. Direct effects on
smooth muscle could cause bronchoconstriction and cir-
enlatory changes which may influence decompression

.
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sichness in a way similar to that postulated for hrady-
Kinin® The increased vascular penmeahility produced
by SMAF conld canse extrinvisation of plauna and sub-
~ciuently Ty povolemic shock which hias heen oliverved
as a complication of decompression sichness and s
been considered a mdjor factor in the death of aninals
after decompression® The smooth muscle “sensitizing”
eflect of SNIAF may have even greader importance, In
\i('\\' Of t]](' l)()\\i])‘(' i“ll)]i('nl“(l“ (lr \“l()l!lh lllll\(’](' \‘illln-
Liting  substances in decompression sichness, acents
which can odify tissue responsiveness to them may
play aritical voles. Minimal concentiadions or even sab.
threshiold Tevels of smooth mncdle dimulants may pro-
duce sianificant tione reactions when
tized Dy SMAF. Cortain inncstioators huve considered
the posibility of invol civent of some cuaath mnsele
stinmlating substances i decompression sichness innats
Bt fuiled to dvmonstiate sienificant increase in their
concentration intisanes following rapid decompression™?
To the light of om findings, faiture to show an inereese in
the Tevel of these cabstances i decompression sichiess
does not necess aily rale ont their ol ment in the
disease sinee they could clicit stronger reactions without
an increase in their concentration if the responsiveness
of the musele is enhanced by sensitizing factors.

The mechanism by which SMAF is released or ae-
tivided in decompression sickness is obseure. Activatinn
ot biologically active substances has been repasted in
shock'™ 5 and following tissue injuries by mechanical
pressure, hiurns, and freezing.® Tt is not impossible that
among  other tricgering mechanivms, expanding gas
hubbles, causing cirenlatory fimpaimment, anoxia aid
mechanpical injury of tssnes may iniliate reactions re.
sulting in release or activation of SMAF. Specnlations
regarding the mechanism of SMAF activation or ielease,
however, seem to he premature,

The possible significance of SNMAF may extend be-
yond the pathogenesis of decompression sickness, SMAF
or similar humoral agents may play important roles by
modifying smooth muscle responsiveness to physiologie
or abnormal stimuli. ‘
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GENERATION OF SMAF ACTIVITY IN BLOOD BY GAS BUBBLES.
C. Chryssanthou, M. Waskman* and M. Koutsoyiannis*.  Beth [srael Medical
Center and Mount Sinai School of Medicine of the City University of New York, N.Y.

The nature and properties of a hitherto unidentified humoral Smooth
Muscle-Acting Factor (SMAF) and its possible implication in the pathogenesis of
decompression sickness (DS) has been previously reported. (Aerospace Med., 41:
43-48, 1970 and 42:864-867, 1971.) Among various conceivable mechanisms,
the possibility that SMAF is released or activated in DS in the course of chain
reactions initiafed by btood-bubble interphase activity was explored. Somples of
blood, cell-free plasma and plasma containing leukocytes and platelets were
subjected to bubble generating compression-decompression, or to direct bubbling
with air. SMAF was extracted from these samples and from corresponding controls
(not bubbled) and its level determined both by bioassays and by measurement of
the optical density (at 270 nm) of the isolated material. The level of SMAF was
higher in bubbled samples than in corresponding controls. The observation that
bubbling of cell-free plasma resulted in an increase of SMAF levels suggests that
generation of SMAF activity is not dependent upon formed elements of the blood,
There are indicotions that the Hogeman foctor may participate in SMAF releasing
or activating reactions triggered by gos bubbles, (Supported by the Office of
Naval Research, Department of the Navy, Contract # N00014-68-A-0393,)
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Studies on Dysbarism: IV. Production and
Prevention of Decompression Sickness

in “"Non-Susceptible” Animals

CHRYSSANTHOS CHRYSSANTHOU, Frrrz TEicHNER and WiLLiAM
P ANTOPOL

Department of Pathology, Mount Sinai School of Mecdicine,
City University of New York, New York 10029, and Levy
Laboratories, Beth Israel Medical Center, New York, New
York 10003

Curyssantnou, C., F. TEicuner and W. AxtoroLr. Studies
on dysbarism IV. Production and prevention of decompression
sickness in “non-susceptible” animals. Acrospace Med. 42(8):
864-867. 1971.

Thin mice subjected to 90 psi absolute air pressure for 5 hours
and then decompressed to sea leve]l within one minute do not
develop decompression sickness. A relatively small incidence of
the syndrome is observed when the animals, after a short surface
jnterval, are further decompressed to a simulated altitude of
26,000 ft. SMAF (a previously reported smooth muscle-acting
factor) markedly increases the incidence if administered prior
to exposure to altitude. When, however, 2-(4-phenyl-1-pipera-
zinylmethyl) cyclohcxanone (a compound which blocks brady-
kinin and histamine cffccts) is given before exposure to 90 psi
none of the animals develops the disecase. The findings support
the postulated implication of humoral simooth muscle-stimulating
factors in the pathogenesis of decompression sickness, thus pro-
viding a new pharmacological approach for the prevention or
amelioration of the syndrome,

864 Acrospace Medicine * August, 1971
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TIIE PRESENT investigation deals with the pro-
duction and prevention of decompression sickness
in animals which, under the experimental methods that
have hitherto been employed in our laboratories, were
not susceptible to this discase. The following observa-
tions provided the basis for these studies:

1. Exposure to 90 psi absolute air pressure for six
hours followed by decompression to sea level within
one minute produces decompression sickness in obese
but not in thin mice.'?®

This investigation was supported by the Office of Naval Re-
scarch, Departinent of the Navy, under Contract #N00014-68-A-
0393 (NR 101-733), the Saul Singer Foundation, and the L.cnore
Weinstein Fund,

’o-

— ————— o oAU s m -




STUDTES IN DYySBARIS y,

20 Bradykinin aud pecihly other wnooth muscle-
stimulating substances e considered to play a iole
in the modimism of docmprossion sichiness sinee coms-
prunds with antibrady Minin and antibistainic activity,
such as 2-(tphay 11 pipeseing hnethiyl) oy Jdohosanone
PCTTY provent o anc B nate the diseasecwhile Tiady-
Kinin intersifios pathologic alterdions and incercases
mortality. -+

30 SMAE, o siooth sdde acting factor extracted
from Tung capable of increasing sasenlar permoeability
and resporsivoos of siecoth muosele o bradykindu wad
other stimulads, has heen dmphicated  in the path-
ogenesis of the diseases sinee its aelivity inereasey in
animals sabiceted to compression decompression.®#

In view of these obsanvations, the possibility that
adininistration of SMAF could rander thin mice saseep-
tible to decompression sickness was entertained. The
ability of PPCTL to conmteraet the offcet of SMAF and
prc\'«‘nt devclopment of the syndrome was also explored.

MATERIALS AND METHODS

The wnimals ciployved in these investigitions were
thin siblings (1527 gms) of the hereditary obese hyper-
vlyeemic mice from Jackson Memorial I aboratories, Bar
Harbor, Maine, They were housed inctal cages in a
room with controlled temperature (71 .27 F) and rel-
ative humidity (309) and were fed Wayne Lab-Blox
and water ad libitum.

The substances employed were 2-(4-phenyl-1-piper-
azinylinethyl) cvclohexanone HCL (PPCH)  (Miles-
Ames) solution containing 30 mg/ml and SMAF solution
containing 2 mg/ml. The latter was prepared with the
previously described Sephadex G-25 fraction of the lung
extract’ and corresponded to 2 gm of wet lung tissue/ml
of solution.

A scries of four experiments were conducted utilizing
a total of 110 mice which were divided into the follow-
ing groups:

Exp. #1: Group A (10 mice) and Group B (10 mice)

Exp. #2: Group A (10 mice) and Group B (10 mice)

Exp. #3: Group A (10 mice), Group B (10 mice),
Group C (10 mice) and Group D (10 mice)

Fxp. #4: Group A (10 mice). Group B (10 mice) and
Group C (10 mice)

DECONME L NSTON STCRLVSS
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In all of these csparimucnts Cronps AL B ind C were
pliced in the proviomsly deseribed pressure: chanber,®
subjected to 90 pei Whsolate aiv prossure for 5 Lours, de-
comproecd to sea level within one minite {usoally 30
ceonds ) and andnates Liter funther decomnpressed to a
cimulated altitude of 26-25000 ft (270-247 wun Hy) for
10 minutes. Cronps A reccived no other treatment and
served as contiols; Groups Band C were intraperitoneal-
W oinjected withe 0.1 anl of SMATEF solntion mmcediately
following decomprossion to sea Tevel (hefore exposure
to altitnde); Croups C reccived 3 ng of PPCH sub-
cutuncounsly fmmediatcdy hefore cxposare to 90 psi;
Croup D received 0.2 b of SMAF intrapaitoneally and
wits kept at sea level (SMAF control).

The various groups of cach individnal experiment
were ploeed in the pressure chamber in separite cages
and exposed sinnltencously to the identical pressure
conditicns. Al aniuds were obaerved through the port-
holes of the chursher for clinieal manifestations during
exposure to altitude. )

RESULTS

Decampression from 90 psiabsolnte air pressure to
sea level did not produce clindcal manifestations in any
of the groups. Scon after eaxposure to altitude, however,
the majority of the animals of Groups A and B ex-
hibited  chokes, hiccough-like spells and  convalsions.
Some of them ran about erratically, others fell on their
sides gasping and twitching, and several ceased 1o move
and appeared dead. Fatalities were confirmed and re-
corded only after removal of the cages from the cham-
ber.

The animals of Groups C did not develop the symp-
toms ohserved in Groups A and B. .

Table T presents mortalities in the various groups.
It can be scen that treatinent with SMAF increased
mortality from 12.5% (Group A controls) to 45% (Group
B).

Treatment with PPCH, on the other hand, counter-
acted the offeet of SMAF and lowered mortality from
157 (Group B) to 0% (Group C). Statistical evaluation
of these results shows significance at high levels of con-
fidence (Table 1).

Autopsies on the animals which died in Groups A

TABLE L. LFFECT OF SMAF AND PPCH ON MORTALITY IN DECOMPRESSION SICKNESS

¢ Mortality

I'PCH
Compression Compression
— ‘Compresion SMAF SMAF
Decrmpression Decompression Decompression SMAF

Exprriment 3 (Group A)

(Giroup B}

(Gioup C) {Croup D)

i 20 (2/10)* 50 (5/10)

2 10 (1/10) 60 (6/10)

3 10 (1/10) 20 (2/10) 0 (0/10) 0 (0/10)

4 10 (1/10) 50 (5/10) 0 (0/10) :
Total 12.5 (5/40) 15 (18/40)» 0 (0720)® 0 (0/10)¢

*Number of dead animal/total number of animals in eroup.

2Significantly differs from mortality in vroup A (P <0 0.01),
bSignificantly differs from wmortality in wroup B (P <2 0.001).
“Significantly differs from mortality in group B (P <2 0.05).
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STUDRTES IN DASEARENM: VD DECONEEESSTON SICKNESS

4
Fig. 1. Cas huhbles in -pleen from monse treated with SMAF

innnediately B fore Gpesure to ~simolated altitude, (Stained with

h.mnu\y]in el cosing Ouiginal m.xgniﬂu.llion '..’.5X.)
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Fig. 2. Striking perivascular 5p.1ce in lung of mouse treated

with S\l AF immediately before exposure to simulated altitude.
(Stained with hematoxylin and  cosin. Original magnification

o
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Fig. 3. Lung from mouse treated with SMAF immcdin!r‘]y be-
fore exposure 1o <imulated altitude. Scveral round spaces resem-
Bling gas bubbles are privent in the lumen of the artery at the
bottem. Smallir <paces can be seen in the lumen of the artery in
the upper right. (Stained with hematoaylin and cosin, Original
magnification 23X.)
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and B, paformed immediately after their removal from
the chauber, rovealed distended abildomen,  inflated
stornach sd intestines and gas halbles in the inferior
vena anva and other voins, Onomiieraseopic examination,
soveral of these aninals showed gas bubbles in the
spleen (Figure 1) and o ked congestion with increase
in the perivascular spaee in the Tang (Figure 2). These
(']I:my,('s wore similar to those prt'\'i(ms]y observed
obese mice™ which are suseeptible to decompression
sickness, In addition, well circnmseribed ronnd spaces
tescinbling gas bubbles were seen in pulionary arteries
(Figure 3). No antopsy was performed on andials of
Croup C since they all sunvived and coold not be sac-
rificed so that mortality rades could be determined.
However, in experiments proliminay to this stady, nice
sithjected to the same conditions as ("mnp C were sac-
rificed at intervals of 15, 30 and 60 iotes following
exposure Lo altitude. None of these animals displayed
the pathologic alteratious described above.

DISCUSSION

Thin mice evposed to 90 psi absolute air pressure for
six hours and then decompressed to sea level within one
minute do not develop decompression sickness.? - This
is consistent with the generally accepted fact that
small aniimals are less susceptible to this discase than
larger animals iwind man. The short circulation time of the
stnall animals might be one of the factors responsible
for this difference. Obese mice, on the other hand,
subjected to the same experimental conditions do de-
veloped compression sickness® The greater suscep-
tibility of the obese mouse is considered to be due to
the relatively large amonnt of adipose tissue and the
high solubility of nitrogen in fat which results in high
PN, in this tissue and in high supersaturation ratios at
decompression.

The present investigation indicates that a small per-
centage of the “non-susceptible” thin mice develop de-
compression sickness when decompression from 90 psi
to sca level is followed, after a four minute interval, by
further decompression to a simulated altitude of 26,000
feet. This is in accord with the reported occurrence of
decompression sickness in human subjects who flew at
high altitudes following scuba diving or were exposed
to similar hyperbaric-hypobaric conditions with short
surface intervals, o

The findings presented demonstrate that SMAF mark-
cdly increases the incidence of decompression sickness
in thin mice and that PPCH significantly counteracts
this effect, as evidenced by the clinical and antopsy
findings and by the respective mortality rates. The
clinical manifestations and high mortality observed in
animals which were subjected to hyperbarie-hivpobarie
conditions and received SMAF were not due to SMAF
per se, since control mice injected with even double the
dose of SMAF but kept at sea level (not exposed %o
compression-decompression)  did not exhibit any ab-
normal signs and had a mortality of vcro.

In view of the postulated implication of smooth
mscle-stimulating agents in the pathogenesis of decom-
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pression sichness,” it is possible that SMAY increases
the suseeptibility of thin mice by its direct aclion on
smooth muscle and/or by its ability to increase respon-
siveness of smooth inusele organs to bradykinin and
other stimulamts.™ In cither case, possible Lroncho-
constriction interfering with climination of nitrogen,
circulatory climges favoring bubble formation and in-
creased vascular permeability may be factors contribu-
ting to the developmont of the syndrome. The role of
these factors in the pathegenesis of decompression sick-
ness was discossed in cardier communications.®

The ahility of PPCH to prevent decompruession sick-
uess was striking. The animals which were pretreated
with this compornd, even thongh they tecddved SMAF
and were esposed to the identical pressure conditions
as the other gronps, did not develop any clinical symp-
toms or pathologic alterations and all survived.

PPCH has also been shown to prevent or at least
ameliorate decompression sickness in abese mice® It
was postulated that this protective cffect was due, at
least in part, to antagonisin of humoral factors con-
sidered to play a role in the puthogenesis of the syn-
drome, although at that tiine no direct evidence for
such antagonism was available.

Recent investigations in our laboratories, however,
have shown that PPCH, which is an anti-inflammatory
compound, blocks histamine and bradykinin cffects on
intact animals and isolated organs.™ The anti-histaminic
activity of PPCH was snbsequently corroborated.?

[t is very difficult, from the data presented, to deter-
mine the mechanism of the protective effect of PPCH.
It is possible that PPCH blocks the direct cffects of
SMAF and/or inhibits smooth muscle-stimulants, such
as bradykinin, to which SMAF increases the responsive-
ness of smooth muscle-organs.

The results of this investigation as well as the pre-

~viously reported findings strongly support the postulated

implication of humoral smooth muscle-stimulating fac-
tors in the pathogenesis of decompression sickness since:
(1) bradykinin-treated mice (under normal atmospheric
pressure) develop histologic changes similar to some
of those observed in decompression sickness;*® (2)
Bradykinin administration increases mortality and in-
tensifies the pathologic changes produced in the dis-
case;® (3) antagonists of bradykinin and of other smooth
muscle-stimulating agents prevent or at least ameliorate
the syndrome;® (4) SMAF, a humoral smooth muscle-
stimulating factor, increases susceptibility of thin mice
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to the discase wnd PPCH, a compouund blucking the ac-

tion of sincoth minscle stimulants, counteracts this offect.

The ability of SMAF to increase the incidence of de-
campression sickness in thin mice may provide a method
of expedimental production of the syndrome in relulively
Iess suseeptible animals or with sinaller partial pressure
gradicnt (lower supersaturation ratios),

The striking protective effect of PPCH observed in
these studies strengthens the possibility that this new
pharmacologic approach may provide the means for
prevention or amelioration of decoinpression sickness.
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The Possible Tmplication of a Humoral Smooth
Musele-Aeting Factor (SM:\I") in Shoek*

CHRYSSANTHOS CHRYSSANTHOU. M-

Dispurity between the eirendating volume of blood wnd the volune capacity of
the vaseular syvstem = the magor Duetor underiving the reduction of blood flow
and the resulting deereased perfusion wd anoxia which sustain and rurther -
crease the creulatory deficieney i shoeks Flvpovolemin 1= o frequent but por
anecessury condition for the developient of the disparity between volume and
capaeity. Alterations in the physiologic <ture of hemodynanies other than or i
addition to reduction of blood voluine are significant pathosenetie fuetors,
Marked inercase in the vaseular hed produced by dilition of the resistuaee
wed or of the capaeitance vessels conlit result i severe disruption of peripheral
vaseular homeostasis with subsequent eirenlatory collap=e. Changes in vaseulur
t ne that could lead to the development of shoek are priviarily induced by f-
moral agents which ure the main mediators governing the stite of mierociren-
lution.

A broad spectrum of umnorad vasoaetive Tuetors has been implicated i the
circtdatory changes both of the carly compensatory as well as the subsequent
decompensatory phase of shoek, Cateeholamines, vasoexeitor material «VENM (.
vasodepressor material (VDN 010, 190 mveenrdial depressant Tuctor «MDF)
(41, plasnec Kinins o3, 201 baetertad faetors, prostaglandine 0150 i other Jin-
moral agents 11020131 have been proposed as possible mediators of cireulatory
changes in shoek. In view of the implication of vasoactive substunees o the
mechani=m of shoek it jx apparent that humoral agents capable of modityving the
responsiveness of vaseular smooth musele (o vasoetive =ubstances may play
important roles in the pathogenesis of the dizorder,

The present communieation ix intended as a preliminary report regarding the
possible implication of =ueh an agent in the pathogenesis of hemorrhagic and
endotoxin shock. This wgent. probably a polvpeptide, is referred to ax SNAF,
the aeronyin derived from Smooth Musele-Acting Fuetor, Originally found in
mouse lung (61, SMAF, has been subsequently isolated fron extracts of various
organs (lung, Kidney, placenta and bloody in several animal species (monsc,
rabbit. rat. dog. humant. The method for extraetion and purification as well =
the phivsical. chemieul, biologieal and pharmacological properties of SMAF have

From Monnt Sinai Sehool of Medicine of The Cite University of New York, NOY. 10020
and Berh Tsinel Medieal Center, New York, N.Y. 10003,
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Bevn previonsy o veported oso e The properties of SMAE distineoi=h e iram

sty Known stihstinees sneledinz bready km, substiaee Puoeledotsin, prostae
clatedin, teenon BPE o1, l\'(ll:tgm'“ 11200, |n-}>ll||r P2 ad 1 he |"'1.\'l“‘l"

trdes deseribod by saad oo, 17

The most sreking wetions o SMAE whieh s ovelevann o the subipeet o1 1 lias
veport s s by o nerea-c responsiveness af sinaoth rosele-orzins onpebind -
e Blood Cossels to vaeonerive subistinee= oS00 =ML Ao inerenses vaseular
pertneatality caed chiens <low s wenk contrietions ot stinooth nansele o804y

The pos~ible role ot SNAE 0 patholowe conditions hos alrewdy heen sua-
ge=ted e ~hindies oncthee prdthooenesis of decompres=ton ~iekness 14 7. 41,

This report deads with the observed mercise ol the Tevel af SNEAE o the Bloed

ol antnals subieeted to cadotonio and hemorrhiage shoek,

Methods

Fodotor e Stovel s Thurteen temade athino vabbits weiching 203 ke were mies-
thetized wirh inteavenons swinnnistration o ~odiim pentobarbited G300 e ke
Body wetghe as s vnad doses sl addiional mrravenons doses 10 and whien
needed to teantaan anestheszon Mean carotid blood proessire was continuonsiy
mwonttared by means of o Statham prressure reosducer conpled 1o Grass poly-
ceaph Heart rates swere eadendated tromn BOC ar blood pressare revords, Fdo-
tonin ~hoek was produced by an eravenous teeetion of 1ane ke IDocolt or
Protens valears endotoxing Arteral blood <canples 10 mle were obtaaned from
A1 anmads betore veontral sounpier wed arter endotoxan sdtmstration. e
Jattey ~illH.l\l|‘\ were collected when the e carotid Hhiood pressute fell helow
0o e, whinel usuadly ocenrred 16 honrs after endotoxin subinistesdion. T
~otie antmads wdiitionad blood simples were colleeted i carlier staees of the
hivpotensive response hetore ood pressure reached the 40w Hye Tevel,

Homorechagie Shoel - Three female sadbino rabibics were anesthetized and e
mean carotid blood pressure and heart vate monttored g~ deseribed whove, A
et coneeted o plastic constant-pressure cadibrated reservoir, wis -
serted i the carotid artery. The veservarr tabing, ctes were all siliconized. Hep-
arin CIO00 U Ked owas intravenousts cedministered prior to bleeding, The ani-
mal was Bled into the reservoir in whiceh the pressnre was =et 1o remain constam
at A0-45 i He by bubbling 9537« 0, - 5% COwthroueh the Blood into the vescr-
voir, After oo variable witerval Tellowing initation of bleeding, blead How was
spantaneotis=ly reversed fram the reservoir into the anined. When 407 of the
~hed blood was spontanecously reinfuscd, hemorrhagic hvpotension was termi-
nated by gradually raising the pressare i the reservoir to permit the remaining
~hed Blood to be intused baek into the animal. The purpose of eraduad reintusion
wits ta avokl exees=ive vise i the contrad venons pressure. Preliminary experi-
ments have =hown that with the methold deseribed above, shoek progresses 1o g
terminal stage when the animal’s mean arterial blood pressure deelines hefow
60 mm Heo Arterial Blood samples (10 mhy were obtained hetore or at the tine
of initiation of bleeding Ceontrol stmpler and during the hypotensive period
which follows the reintuzion ot blood.

-
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SHAR Lol Dot spenatoor - The Blood canples as soon as they were draw
were Dlaecd i EN Bvdrocblore aent o005 or blood b aends o hothne warer
Dathe “or tenmmmntes SMAF weos oxtiiered and sobred By the pevionsiv ve-
porte methods Tor extraction of NAE trom tissnes o8 The leve] o SN
e the v atons samples was deternmned by measuring the optieal density an 270
ni ol the material exteaeted trann Tt ot Bload and dissolved i Tl of warer
Sinee the porey of the extroerad neceriag and conscoenthy the vadidiny of the
optiead densi as s ndex apr SNEAE canceenteation ean he questione o the e
H\'U_\‘ ol SNEAE 1 varnons Sothples Abas also derernnmed by l’l“.‘l“:l_\" O v
it orenns Tnoview o the obeopved corpelinion between SALAL cetiviry g
optical densirys che Tater wis sed s expressston of SMNENE Tevels g rks

vartons hilood ‘:l[ll!':' ~
Results

Foododorn Sl - Uhe manad ieacdie e bivpotensive response to the inren-
Veholls i clion o eredotongn ;u»l"l«f e cdoes s other animads whielo s 1ol
Towed l»)' QTSN Feeon VWS D! ob~erved o the rabibies Hsed I these -
peritnents. Fallowine wovarvine inrerval strer endotoxin acelmimistration the ani-
ned~ extabited worise o the heart vare and o ordual dnd proaressive udl ol
wican arteriad blood pressarcowlhnels evennaaidy Wodivo the desah of vhe g,
Table T shows SNEXE Tevels vexprossed i tormes of optieal density of oxtraeted

TARBLE 1
Teoriase of N VAR o Bodotoryn Shocd:

Before Fodorong:. Atter Brdaotongg
c ot *. Change in ~MAL
[ NS . A oD ml wr AR O+ ] O ml blied
mm e b o mm He Bload

1710 uh 10y 0O 20030 0n.245 —~ 300
17141 uloan o020 30 0. 146 — 00
171142 oo 112 [IN{Y 01 (. 140 —~ 67
17145 Tos 112 X153 200 30 0. 10 — 104
17605 120 1026 30 0,018 ~5)
1700 120 0.01a o 0.052* -~ 248
171 100 0.070 + + T
171N 100 112 0K i T +
1711 a2 1oN 0,081 At 0064 — 1t
17120 al o jol 1) O6d 28 50 0.131 - N
17121 10 TN 0081 14 0. 1067 ~ B0
17128 N2l [T 20030 0076 - 1t
17120 Lo 130 0120 3010 0. 143 =14

* The aninas] died betore bload pressure reached 30 mm Hyg and therefore there was no
satmple deawn ot that stage. The sample drovn at an carlier stage. however, revealed o
marked merense s SNMATF level,

# The animal died before Blood pressare reached 30 mm Hgo No samples were drawn at
eurlier stages

1 The wnmnud revealed an inerease in SNEAF at an earlier stage when blood pressure had
dropped to 88 mm T
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SMALEF il Bloods o the contral Bloon ssanple cpre-cndatonin and the sanph
drawn when blond prossire dechinea bejosw 30 man e Teoenn b seen it an 7
of 138 amitnads SMAL coneentraions were appreeerhlv mercased when Dloo
sressure Jell below 40 e fovels T vwo nnnads the merense i SN was
nuanfested ot an carlier <taze and e another two annmads thee fevel of SMNAY
Sliehity deercaseds The rencdione two wnmnds died hetare blood prossun
reached 40 He and oo scanples were obtneed e earlier <taeo~ Exelindime
the two Latter saanead s, the results Inddicate thar SMAF Jevels ereased memo-
toxit ~hoek m W ont of TEanrads, Stanstiendiy evadine o these rosidts e ~ja-
niticant at the P00 Tevel or contidence on test for paored ab=ervanionsy, o
those aimmads froms whieh ~everal blood samples were deaown during the post-
endotoxine hypotensive period the Tevel ot SNAE showed s progtessive inerense,

Hevecrshaaie Sl s Fiaure 1is oorepresemtanve chiart showing the eliages
1 the mencarterial bload pressure i velation 1o the hemorelzae snd reintusion.
The tigure wlso shows the fevel of SNAF vexpressed i optieal density of the
extracted material ml Blood v i the Blood scanples decown ao the tiae of nitiee-
ton of hemorrhoee caonple ST control and duaring the innial ample 20

INCREASE OF SMAF LEVEL IN REMOKRRAGIC 5#CCh

—— MEIT 5y50 . C tlood preswre mmbg

m SMAF el OD mi blood:

mm Hg N

120 S Hemorrhage Reinfugor

) oD
270 nm
1.50

r S
- 1.00

Lo.so

N\

%
/
Z 2
T T 1 T

0 50 100 150 200 250 300

TIME AFTER HEMORRHAGE minutes:

Fie. 1 Continnous mean avterial blood pressure recarding with supernnposed lovels of
SMAV e arterial Blood samples dewn juse prior vo bleedmg (S D md i thee el o)
and Lte c23 postareinfusion hyporensive pertod. A1 the tirst arrow cHemorrhoge Y the reset-
voir was opened and bleeding initinted. At the second arrow ¢Remrusion the shed hload was
reinfused from the veservoir back into the animal, Note the inerease m SMAF dunng
nost-teinfision hypotensive period.
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and fate stage csumple 25 of posteremtusion hivpotensive pertod. Feocan be
~een that the level of SMNEAE i sonple 20 dvawn when Blad pressare Leed de-
chined to 50 nne Hal <hows oo Tonrrold merense s compared to the control
~sample 1 o ~anple 230 drovne Beer i the rerminad <tace o <hoek s
~hortly berore the wnimal suecinnbied . the coneentration ol SM AT, althoneh it
<hows worelanve deerciese s <0l above control Tevel T the renenning aniimnads
the vestilts were stlars neheatine s inercase of SN Tovel inothe carls prost-
remiston pertod with aorelative deerense mohe Bter terminad <t oae

Discussion

The ~cope of the present investivation was contined o expioration of the pus-
<thle relense or aetivation of SNEAEF i expertmental shoek, The resndts of these
profintteoy expernnent~ imedeare thar Blecd SNEAE Tevels iercase o the conrse
of endotonin and Temorrbeede shoek Tuothe former type of <hoek the inerease i
SMAF appears to he prowressive and inmverse relation=hip to the lovel of blood
proessures Rewarding the hemorrhaeie shoek the avadiable dida sigoest 1l
SMAF evels inercase in the carly pliese of the posiarcinfusion bvporensive
perted withe aorelative deerease i the ternnd ~taoc,

Alhionel SN fee nor ver heen chemiesiy identitied . i exbiibits ehoemiend,
physied and pledmseolozienl propertios o850 90 whieh distinguish 1t from all
known similr substanees which aet an smoot nsele, SNAE, probabiv o low
maoleenlar weight polypeptide, is capable of inercasting responsivenoss of =taath)
muscle-oraans to stinmlants This property of SMAE sy be on wreat signiti-
canee regarding Bs possible role o phivsiologie Tunetions aud pathologie comdi-
ton= Tt ean be postidated that the funetion of stnoath musele oreans s rew-
Tated not ondy by nenrogenie st soud mivotrapie substanees which direetty
citise contraetion or relaxation of smooth musele colls but adsa by faetors, like
SMAF whieh modity the eapaetty of these colis 1o re~pand 1o sty SNEAF
B already been implicated inthe podliosenesis of decotnpression siekiess 4 7.
o On the basis o the present preliminaey investigation, the question of pos-
sthle imvolvement o SMAF S the meehanisme of shuek can only he s mistier
for speculation. The possilility that SMAF. by inereasing 1the FEReIVItY ol vigs-
eular musele, may angnent the cifeer of vasanetor <timuli in <hoek aned 1ne
contribute to the deterioration of the peripheral civendation is wn st raetive ad
provoeative hypothesiso 1Cis of interest in this respeet tha althongh depletion
of Kininogen wis observed in severnd tpes of shoek (181 and release of Kinin
during anaphylaxis was found incdogs @3, Httde correlation was seen between
the severiny of the shoek wnd the simount of Kinin formed (30 10 i conecivahle
on the hasis of the hypathesis disensscd carlicr that small mercasos iy hrady -
Kinin levels and even mornal™ coneentrations of this vasedilitor swent may in-
fuee steniticant vasealar changes i the <mooth niisele of the vessels his been
sch=itized by faetars Hke SMAT with o resulting ineresse in FesponsIveness to
bradvkinin, In addition to the potentiation of the aetion of visonetive aeents,
SMAT which also inereases capillary permeahility (91, coulil exsc CXERV A -

»
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tion of Hadd and thus taether mercaese the disparity betweens volutne s eipae-
1y ol the vaseular system.

The stimulus and the mechanisms wherehy SN 3= pelensed or aetivated 1
~tioek s at present unknown Several possihalities merit considersaion. Teis con-
celvable that liberation or aetvation of SNEXE 1= the end pomt or anintermedi-
ate link in ehian reactions triggered by phvsiologieal and Dloehemieal adtera-
tion~ in ~hoek, sueh as deercased tissue pertusion and anoxia with disruption of
Iveosomes and referse af proteolyiie cnzyies, Liberation or aetivation of intra-
and or extraeclnbar cnzymes with tormation of chemien] mediators from pre-
arsor substrates has already been reported i shioek 101, T is alsa possible
that SNEAF iy be released romn tissnes following iseliemic inury . or aetivated
by mechanisms similar 1o those which trigeer the conauliation or Kinin systemns.

Summary

The level of o humorad Smooth Musele-Neting Faeror (<MAF) inercases
the blood of animal= subjected to emorrhagie and endotoxin shoek, The pos-
~ihle mvolvenent of SMAE in the pathogenesis of shoek and proposed mecha-
nisis regarding its release or activation are diseussed.
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York, N.Y. 10003, and Department of Pathology, Mownt Sinai
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. York, N.Y. 10029

C?mvssmmou, C., F. Tricu~NfFr, and M. KOUISOYIANNIS,
Studies on dysbarism: V.- -Prevention of decompression sick-
aess in mice by dimethothiazine. Aerospace Med. 45 (3):279-
282, 1974,

Dimethothiaszine, a compound with activities against smooth
muscle stimulating agents, cxhibits protective effects against de-
compression sickness in obese mice which are susceptible to the
discase. In groups receiving dimethothiazine prior to compression,
mortality is significantly reduced and clinical munifestations and
pathologic chunges are less frequent und less pronounced than
in corresponding control groups subjected to identical pressure
conditions. The results of this rcport are in accord with the
previously proposed pathogenctic concept which implicates
humoral smooth muscle stimulating factors in the mechanism of
decompression sickness.

XPERIMENTAL DATA indicating that humoral

-4 smooth muscle stimulating agents are implicated
in the pathogenesis of decompression sickness have
been presented in previous communications (3,4,5,7).
Among the findings which support this concept is the
observation that administration of smooth muscle stimu-
lants, such as bradykinin ‘and SMAF (Smooth Muscle-
Acting Factor) (7), aggravates decompression sickness
in mice and increases their susceptibility to the disease,
while inhibitors or antagonists of smooth muscle stimulat-
ing agents prevent or ameliorate the syndrome (3,4).

The present investigation deals with the possible de-
compression sickness-preventing cffect of dimethothia-
zine (dimethylsulfamido-3 [dimcthylamino-2 propyl}-10
phenothiazine). Dimethothiazine is a phenothiazine
derivative, which combines activities against bradykinin,
histamine and serctonin (8), and thercfore exploration
of its cffectiveness against decompression sickness could
provide a further testing of the above-mentioned con-
cept. :

MATERIALS AND METHODS
A total of 200 hcreditary obese hyperglycemic mice,
© This invc;ligatgn was supported by the Office of Naval Re-

scarch, Department of the Navy, under Contract #N00014-68-
0393 (NR 10]1-735), and the Tenore Weinstein Fund.

¢

p
4

weighing 40 to 80 grams, obtained from Jackson Me-
morial Laboratories, Bar Huarbor, Me, were used in a
series of nine experiments. These mice were sclected
for the present studies because of their susceptibility to
decompression sickness (1). They were housed in metal
cages under controlled temperature 22+ 1°C and rela-
tive humidity (50%) conditions, and fed Wayne Lab-
Blox and water ad libitum. In cach experiment, a control
and an cxperimental group, consisting of mice of the
same sex and of corresponding weights, were placed in a
pressure chamber and subjected to compression-decom-
pression simultancously to ensure exposure of the two
groups to identical conditions. In all experiments the
animals were subjected to 6,327 g/cm? absolute air
pressure for 6 hours and then decompressed to sea
level within 1 minute (usually 30 scconds). Immediately
prior to compression, the control groups in all experi-
ments received a subcutancous injection of normal saline
while the experimental groups were subcutancously in-
jected with dimethothiazine (Migristene, Rhone-Poulenc-
Specia). In six experiments the dose of dimcthothiazine
was 40 mg/kg and in the remaining three experiments
the dose employed was 4, 10 and 20 mg/kg respectively.
Following dccompression, the animals were observed
for at least 1 hour for clinical manifestations. When an
animal died, the survival period from the time of de-
compression was recorded and an autopsy was immedi-
ately performed. Sections of various organs were taken
for microscopic cxamination. Autopsies were also per-
formed on animals sacrificed at intervals of 15, 30 and
60 minutes after decompression,

RESULTS

Under the conditions of these cxperiments, the clinical
manifestations  of decompression  sickness  included
scratching, reduced locomotion, chokes, and convulsions.
Almost all control animals exhibited these signs and the
majority of them succumbed in less than T hour following
decompression, their death being preceded by twitching
and scvere respiratory distress with gasping and hic-
cough-like spells. At autopsy, in almost all contro! ani-
3
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Fig. 1B

Fig. 1. (A) Numerous gas bubbles of varying size in the
spleen of a control compressed-decompressed mouse. (B) Ab-
sence of gas bubbles in the spleen of a mouse treated with 40
mg/kg dimethothiazine prior 1o compression. (Stained with
hematoxylin and cosin. Original magnification X7.5.)

TABIE I. EFFECT OF DIMETHOTHIAZINE (40 mg/kg) ON
MORTALITY OF OBESE MICE IN DECOMPRESSION

SICKNESS.

T T T % Momaliy o
Fap. No. : - - _a;nlrblr 76”’“1”1()";:\71;;
w2 100 (8,8)* 25 (2/8)
1/27/72 63 (5/8) 25 (2/8)
1002 S0 (6/10) 10 (1/10)
1003 20 (2/10) 0 (0/10)
1004 6 (5/9) S0 (5/10)
1008 70 (7/10) 0 (0/10)

TAL 60 (33/55) 17 (10,56} ¢

" Number of dead iminals/total number of animals in group
Significantly diffors from mortality in control groups (p < 0001
by chicquare tedt ucing Yates correction)
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Fig. 2. Mortality cuises of mice subjected to compression-de-
compression, Upper curve: percent mortality of 85 animuals ticat-
ed with nonnal saline prior 1o compression. Lower curve: per-
cent mortality of $6 unimals ticated with 40 mg/kg dimetho- -
thlazine prior 1o compression.

mals that died and in most of those sacrificed, the abdo-
men appeared enlarged, due to gascous distension of the
stomach and intestines, Grossly visible gas bubbles were
scen in the subcutancous and intra-abdominal fat, in the
spleen and in several blood vessels, being most con-
spicuous in the inferior vena cava and the right chambers
of the heart. Microscopic examination revealed minute
bubbles as well as large accumulations of gas in several.
organs and tissues, including the spleen (Fig. 1A),
adrenals, bone marrow, adipose tissue, lung and, less
frequently, liver and heart. The lung, in addition to
intravascular bubbles, revealed perivascular edema. Hy-
peremia was observed in various organs, being most
pronounced in the bone marrow. “Roulcaux formation”
was scen in the spleen of an occasional animal.

The 40 mg/kg dose of dimethothiazine, in six separate
experiments, cxhibited a profound protective cffect
against decompression sickness, as indicated by the pro-
longation of the survival time, the significant decrease in
the overall mortality, and by the amclioration or absence
of clinical manifestations and pathologic alterations. Fig.
2 shows that 44.5% of the control animals had suc-
cumbed within 20 minutes after decompression, while
only 3.6% of mice treated with dimethothiazine died by
the end of this period. Dimethothiazine reduced overall
mortality from 60% to 17% (Table 1), an cffect which
statistically is significant at high Tevels of confidence
(p < 0.001). These pereentages represent a 729% reduc-
tion in the overall mortality. The majority of the mice
treated with 40 mg/kg dimcthothiazine -did not exhibit
convulsions or signs of respiratory distress. Several ani-
mals <howed varying degrees of drowsiness. In most of
the animals which succumbed and in all of those sacri-
ficed, there was no gascous distension of the gastroin-
testinal tract, the tissues revealed minimal or no bubhle
formation (Fig. 1B) and the perivascular edema in the
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lung was absent or less pronounced than in correspond-
ing controls. ’

The low doses (4, 10, and 20 mg/kg) of dimethothia-

sine had no appreciable offect on the clinical manifesta-
tions, pathologic alterations or mortality.

DISCUSSION

The incidence and severity of decompression sickness
in animals subjected to hyperbaric-hypobatic conditions
is influenced by a variety of factors, both intrinsic and
extrinsic. Among the former, the degree of obesity is
an important variable influcncing .xuxccptibnily (1,2).
Among the latter, the composition of the breathed gas
mixtures, the level and duration of compression and the
rate of decompression are factors of vbvious significance.

In the present investigation, the possible influence of
differences in these factors was climinated by the fact
that the rclatively small size of the animals employed
permitted the placement of control and experimental
groups in the same chamber at the same time, for a
simultancous exposure to identical environmental condi-
tions, In addition, control and corresponding experimen-
tal groups consisted of animals of the same sex, and of
approximately the same age and weight. Furthermore,
the relatively large number of animals used afforded
randomization of the influence of other independent fae-
tors, with a resulting increase in the statistical significance
of the obscrved drug effect.

The observation that, in animals treated with 40
mg/kg dimethothiazine prior to compression, the clinical
manifestations and morphologic changes scen in decom-
pression sickness were absent or less pronounced and
mortality was significantly reduced, indicates that this
compound exerts a considerable protective effect against
decompression sickness in mice.

The 4, 10, and 20 mg/kg doses of dimcthothiazine
were ineffective in protecting mice against decompression
sickness, although doses even smaller than those have
been reported to exhibit activities against smooth muscle
stimulating agents in rats and guinca pigs (8). It should
be borne in mind, however, that dimethothiazine in our
experiments was administered to mice 6 hours prior to
decompression. During that intcrval it is possible that
excretion, biotransformation and other processes might
have resulted in a concentration of the compound in the
blood and/or tissues below cffective levels. It should also
be noted that the experiments with various doses of the
compound were conducted for purposes of oricntation
and the number of animals which reccived each of the
smaller doses is not sufficient to provide statistical signifi-
cance of the respective results, Considering the above, it
is clear that the results presented in this report should not
imply that 40 mg/kg is necessarily the minimal effective
dose of dimethothiazine.

Previous communications presented data strongly sug-
gesting that humoral smooth muscle stimulating agents
arc implicated in the pathogenesis of decompression
sickness. Among them, the following observations are
of particular interest: 1. Administration of bradykinin
intensifies pathologic alterations and increases mortality
in decompression sickness (3). 2. SMAF (a humoral fac-
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tor which augments responsiveness of smouth muscle
organs to stimudants and increases vascular permeabili-
ty) is released or activiated in decompression sickness
(6,7). 3. Administration of SMAF increases suscepti-
bility of thin mice to decompression sickness (4). 4,
Compounds with activities against smooth muscle stimu-
lating agents prevent or amcliorate the discase (3,4).

In view of the above, and considering the fact that all
agents which, in our investigations, offered protection
against decompression sickness exhibit activitics against
smooth muscle stimufants, it is rcasonable to attribute the
decumpression sickniess preventing cffect of dimethothia-
zine to its activity against bradykinin, histamine and
serotonin. Thus the results of this investigation provide
additional support to the postulated concept regardiog
the pathogenesis of decompression sichness. According
to this concept, humoral smooth muscle stimulating
agents, released or activated in decompression sickness
(by a mechanism involving gas-blood interphase or by
other processes), may induce several tissue responses
that could contribute to the production of the syndrome,
For cexample, bradykinin, histamine, SMAF and other
humoral agents, by causing bronchoconstriction, could
interfere with the climination of nitrogen and also con-
tribute to the respiratory distress. These agents could
also induce circulatory changes favoring nucleation
and/or growth of gas bubbles. Furthermore, they in-
crease vascular permeability which, in turn, could be
responsible for the perivascular edema in the lungs ob-
served in our experiments and for the hypovolemic shock
that often complicates decompression sickness, Thus, the
absence of perivascular edema in the lungs of animals
treated with dimethothiazine could be attributed, at least
in part, to a blocking of agents which increase vascular
pcrmeability.  Also, inhibition of bronchoconstrictor
agents, by improving ventilation and consequently nitro-
gen elimination, could have contributed 1o the lack or
diminution of nitrogen bubble accumulation which was
obscrved in the dimethothiazine-treated mice.

The soporific effect of dimethothiazine, observed on
several animals, does not fit the above concept but,
nevertheless, merits consideration and further explora-
tion. It secems, however, unlikely that the sedative effect
alone was responsible for the protective action of
dimcthothiazine, particularly in view of the observation
that in hamsters, chloralose exhibited appreciably less
protection against decompression sickness as compared
to PPCH* although the sedative cffect of chloralose was
greater than that of PPCH (9). The cffectiveness of
dimethothiazine against decompression sickness, which
was demonstrated in the present study, warrants further
investigations including potential experimentation on hu-
man decompression sickness. Dimethothiazine, in con-
trast to the decompression sickness-preventing com-

*PPCH (2-[4-phenyl-1-piperazinylmethyllcyclohexanone HCI)
(Miles-Ames) is a compound with antibradykinin and antihista-
minic activities which was previowsly reported 1o prevent or
ameliorate decompression sichness (3,4).
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pounds previously studied (3), is already in clinical use
against other disorders in several countries, including
< nee, Fagland, and Canada, and has been well toler-

Jd with minor or no side effects.
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NEWER CONCEPTS ON THE MECHANISM AND

PREVENTION OF

C

Our work on the mechanism and prevention of de-
comaression  sickness (DS) led us to theorize  that
smooth  muscle  stimulating substances are implicated
in the pathogenesis of the disecase. This concept is bused
on the follosing cbscrvations : 1. Bradykinin intensifies
patholngic alte:rtions and incresses mortality in DSL
2. Compounds such as 2 (4-phenyl-1-piperazinylmethyl)
cyelohevinone (PPCH)L 10 2 and dimethothiazine (Migriste.
ne)® with activities againts smooth muscle stimalating
substunces (e g. bradykinin, histamine, 5hydroxytrypta-
mine) ameliorate and even prevent DS. 3. The activity
of a new humoral Smooth Muscle Acting Factor (SMAF)
increases in PS8 4. SMAF potentiates bradykinin and
other smooth muscle stimulants, causes hronchoconstric.
tion and increases viascular permeability d. 5.6 5 SMAF
increases susceptibility to DS.2

DS was produced in ohese mice by subjecting the
animals to 90 psi (absolute) air pressure for 6 hours
and then decompressing them within 1 minute to sea
level. The various groups of control drug-treated animals
were all simultancously exposed to the identical pressure
conditions. Soon after decompression, the control animals
exhibited scratching, respiratory distress with choking,
hiccoug convulsions, and most of them expired within
30 minutes following decompression. Gross and micro-
scopic examination revealed gascous distension of the
gastrointestinal tract, accumulation of gas in the adipose
tissue, presence of gas bubbles in the bone marrow,
spleen and adrenals, vena cava, right side of the heart
and in pulmonary and other vessels. Among other fin.
dings, there was an increase in the perivascular space
in the lung (edcma ?), bronchoconstriction and pronoun.
ced hyperemia and hemorrhagic foci in the bone marrow.

Administration ot bradykinin immediately after de-
compression exagqgerated many of these pathologic alte-
rations and increased martality. In contrast, in animals
treated with PPCH or dimethothiazine prior to compres.
sion, clinical manifestations were ameliorated, pathologic

{1) Mount Sinai Schuol of Med'iine of the City University of
New York, and Beth larael Medical Center, New York, New York 10003
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DECOMPRESSION = SICKNESS

GOLDSTEIN cnd W ANTOPOL (1)

changes were minimal or ahsent and mortality was si-
gnificantly reduced as the following table 1 indicates.

TABLE 1

« ANTHNFLAMMATORY »
MICE

EFFECT OF
DRUGS ON MORTALITY OF OBISE
IN DLCOMPRESSION SICKNI'SS

SIATISHC/I

NRUG % ANORTALITY
SIGNIFICANCE

CONTROL 78 {31,40)

PPCH*® (60 mg.'kg) 43 (12/23) 000t < P< OOt

PPCH (120 mg 'kg) 19 (3/16) P < 0.001

CONTROL 78 (14,18} .

PPBP** (60 mg 'kg) 44 (8,18) 005 < P < 041

CONTROL 70 {23/33)

MIGRISTENE®** [40 mg/k) 21 (7/33) P < 0.001

S PPCH 2 -

(4 . phenyl - 1 - piperaainyimethyl) cyclohexanone
{Miles - Armes, USA).
SUPPBP 1 - (N - methyl - piperidyl - 4) - 3 - phenyl - 4 benzyl .
pyrazolone - 5 (Sandoz, USA}.
Tt MIGRISIENE dimethothiazine  (Specia. France).

The DS-preventing effect of PPCH has recently been
confirmed by other investigators? in experiments with
rats and hamsters.

Sccking additional support for the hypothesis that
smooth muscle stimulating substances play a role in
the mechanism of decompression sickness, the possi-
bility that bradykinin is activated in animals exposed to
hyperbaric-hypobaric conditions was explored. Ltungs from
ocntrol and decompressed mice were oxtracted but we
found no evidence of bradykinin activation. We did come
across, however, a new smooth muscle stimulating fac-
tor in the fung extract, the activity of which increases
in decompression sickness. This previously unidentified
factor was called SMAF., which is the acronym derived
from Smooth Muscle Acting Factor. SMAF is probably
a polypeptide which elicits slow weak contractions of

Revue de Médecine Aéronautique ¢t CTpatizle, Me 46 . 1973,
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smooth muscle, causes bronchoconstriction, increases
vascular permeability, exhibits hypotensive effects and
increases responsiveness of smooth muscle to brady-
kinin and other stimulants 5.6 SMAF was subsequently
found also in blood, kidney and other organs of several
species including humans.

The increase of SMAF activity in DS strengthens
the theory that smooth muscle stimulating substances
are implicated in the pathogenesis of the disease. Accor-
ding to this theury, bradykinin, SMAF and other smooth
musclo stimulating substances released or activated in
DS induce several tissue responses which contribute
to the production of the syndrome. For example, brady-
kinin and SMAF may cause bronchoconstriction, which
could interfere with the elimination of nitrogen. This
could also contribute to the respiratory distress observed
in decompressed animals. These agents could also induce
circulatory changes favoring nucleation and growth of
gas bubbles. Furthermore, they may increase vascular
permeability which could contribute to the production
of hypovolemic shock that often complicates DS.

Exposure to the pressure conditions described pre-
viously produces decompression sickness in obese but
not in thin miceX Even when decompression from 90
psi to sea level is followed by exposure to simulated
altitude only a small percentage of thin mice developed
DS.

In view of these observations, the possibility that
administration of SMAF could render thin mice suscep-
tible to DS and that PPCH could counteract this effect
of SMAF was entertained.

Thin mice were subjected to 90 psi air pressure
for 5 hours, decompressed to sea level and after a short
surface interval further decompressed to a simulated
altitude of 26-28.000 ft. Clinical manifestations of DS and
cathologic alterations were observed in a few animals
and mortality was only 125 °. When, however, SMAF
was administered before exposure to altitude most of
the animals develeped symptoms and pathologic changes
as seen in the susceptible obese mice and mortality
reached 54 %5, Treatment of the animals with PPCH be
fore comprossion counteracted the effect of SMAF and
prevented DS AlL of the animals survived, and none
exhibited any patholugic alterations. Considering the po~
tulated implication of smooth muscle stimulating factors
in the mechanism of DS it is hyputhesized that SMAT
fncreases the susceptibility of thin mice to DS by its
direct action on smooth muscle and’or by its ability to
increase  responsiveness  of  simooth muscle.organs  to
bradykinin and other stimulants

The striking DS-preventing effect of PPCH and dime

thothnacine is considered to be primarily due to the
ability of these compounds to block the action of simooth
muscle stimulating substances. Other mechanisms howe-
ver, cannot be ruled out. The findings of these investi-
gatiuns are consistent with the postufated involvement
of humeral factors in the mechanism of DS. This new
pathugenic consideration provides the basis for a novel
pharmacological approach for the prevention or amelio
raticn of the discase.
This investigation was sunparts tbe the Ottie of Noval Resrarch
Departinent of the Navy, trides Cenracr N 0t Do (0GR Lot
735), the Char'es M. Siive. Foand  the Sar' Singer Faurdation. ani
the teanre Westein Fuod
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ARESUME

CONCEPTS RECENTS SUR LE MECANISME ET LA PREVENTION DE
LA MALADIE DE DECOMPRESSION.

C. CHRYSSANTHOU F TEICHNER. G GOIDSIEIN et W ANTOPOL
Mount Sinat Schanl of Medicine, Université de New Yok, NY
Centre Médical Beth Israf!, New York, NY (USa)

Ltes substances  stimalantes  du muscle isse [Beahyhinine
Histamine S5-Hydroxytryptarcine, etc ] paraiseenat jouer un rdle dans
la pathogénie de la moladie de décompression  Cette hypothese est
basfe sur les observatiens ci-apras 1) Lla Bredyhinine  intensifie
les altérations pathulogiques et augmente la mortali par malalie
de décompressinn cher des snuris obdses expastes perndant 8 hewres
a une pression absolue de 90 psi puis décosiprimées en une minute
a2 la pression du nivesr de la mer 2) les compos’s 3 activité,
antibradylinine et antihi-tanune (tels que 1o 24 phiny! piperaring
methy! - cyclohexanone} peévienneat ou  atténeent la maladie de
décompression chez 1a souris  le hamstr et le rat 3] Lles expé
riences  sugyarent que la ditosthothiarine {(Migristfoed oui combine
des actions antihistamine  antibradykinine et anti 5 Hydroo,tryptamine
pruvent aussi prévenir ta maladie de déconyressinn ches la sonsis
4) Un nouveas  fant-or dlactivation du muncle lisse  gapah's
d'augmenters 1a perméabilité vascu'aire et la réactivitd du muscle
a la bradykinine et aux aotres stimulants, a ét¢ récemmont troue
dans le sang et les tissas anitbaux et humain. 5) Lactvité de ce
facteur augmente lors de fa matadie de  décs mucession 61 Uae
décomprensinn 3 partic de 00 psi jusgatan nivean de fa mes proveadie
fa matatin de décompreciion ches les souris obd s s mais pno chpe
les souris mirces  Méme lorsque la déeemprpscinn an piveran de
la mer est suivie par une exposition 3 Maltitats un petit pon entaye
de somis minces, seulement présentent  une matadie de déen
pression  Cependant. Joraque te facteur d'activabon da muaele lisse
est admini-he 3 ce dernie: qroupe Vincider » de la matadie
augmente 7 Le 24 PP cyclohexanone contrehatance oy eftets du
facteur d'activation et prévient la maladic de doecoanocnaion

Les facteurs d'activation du muscle tisse Hbéiés ou artivis ag
cours de fa maladic de décomprecsion peuve @ indaire des répanos
tissu'aire s qQui pourraient contribie e gy dect
Colv cocliit 3 de negentts conceptinng path Gdr iy s et fournit
I8 base pour une approche pharma ologique originale de ty prive thin

wart di sy bame

et de Vametioiation de la matadie

Revun de Médecine Aéronautique et Spatinle, Ne 46 - 1973,
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SYMPOSIUM

Pathogenesis and .
Treatment of
Decompression

Sickness*

CF!RYSSANTHOS P. CHRYSSANTHOU, M.D.
New York City

Associate Drotessor of Pathology, the Mount Sinai Sohoot of
Medicine of the City University of New York; Associate Diector

of Laboratories and Research, Beth Israet Medica! Center

Recent technologie advances have enabled man
to descend deeper into the earth’s hydrospace and
to climb higher into the atmosphere and the space
beyond. Scientific curiosity, sociveconomic needs,
newer developments in air travel, and the increas-
ing popularity of scuba diving are some of the rea-
~ons responsible for more people getting farther
away from the surface of our planet more often.
But as man leaves his natural environment on the
surface of the earth he exposes himself to poten-
tially dangerous alien conditions, including
changes in atmospheric pressure.  Such changes
have ill effects on the human body which, in ex-
treme situations, may be fatal.

Because of our accelerated acrospace and under-
water activities, physiologic problems related to
the effects of pressure changes have assumed
greater importance, and renewed attention is
heing focused on the etiology, mechanism, preven-
tion, and treatment of the pathologic conditions
which may be caused by such pressure changes.
One of these pathologic conditions is dysbarism.
Dysbarism is a syndrome, exclusive of hypoxia, re-
sulting from the existence of a pressure differen-
tial between the total amhient barometric pressure
and the total pressures of dissolved and free gases

Presented at the 167th Annual Meeting of the Medical Soci-
ety of the State of New Yark, New York City, Section on Space
Medicine, Fehrnary 13, 1973,

* Suppurted by the Office of Naval Rescarch, Department of
the Navy, under Contract NaOo14 68-A G393 (NR 101.7:13), the
Charles H. Silver Fund, the Suul Singer Foundation, und the
[.enore Weinstein Fund.
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within the body tissues, fluids, and cavities, The
term hy perbarism applies to the condition dooel
oping when the ambient gas pressare oveeo o bt
of the gas within the body. Conversely, hvp boare
ixm ipplies to the condition re~ulting from an ox-
cess of the gas pressure within the hody ooer the
ambient gas pressure. Often the term dy-lrion
is used to refer to the latter condition, the patho-
venesis and treatment of which is the <ubjoct of
this report, This condition is also known Ly ~ev-
cral othier names which have created ~ome confu-
ston and controversy regarding the proper termi-
nology.  The most popular, but maybe the Teast
appropriate, term is “the bends.”  Although this
term denotes only one of the symptoms, namely
pain in the joints, it is often used to characterize
the overall syndrome. Other terms implying caus-
es, mechanism, or circumstances of development
of the disorder include acrocmbolism, caisson dis-
case, divers’ discase, aviators’ discase, and decom-
pression sickness.  The term decompression sick-
ness, being more inclusive and having a broader
use, will be employed in this presentation. It will
refer to the syndrome which results from a reduc-
tion in barometric pressure and which is charac-
terized by a variety of symptoms including joint
pains (bends), cough, chest pain and dyspnea
(chokes), vertizo, skin disturbances such as rash
and pruritus (tch), and central nervous system
symptoms such as visual disturbances, aphasias,
paralyses, and so forth.  Shock and long-delayed
effects, such as aseptic bone necrosis, may compli-
cate the syndrome.

Historic aspects

The signs of decompression sickness were first
noted in 1659 by Boyle! in animals subjected to re-
duced atmospheric pressure. He observed convul-
sions preceding the death of the animal and postu-
lated that air-bubble formation in the blood and
tissues of the hody contributed to the premortal
agony. Specculating on the ¢ffects of intravascular
bubbles, he says: “... and so by cheaking up
some passages, and vitiating the figure of others,
disturb and or hinder the due circulation of the
Bloud. Not to mention the pains that such dis-
tensions (of blood vessels) may cause in some
Nerves, and membranous parts ...

Following Boyle's observations and prophetic
remarks, the subject remained almost untouched

—-.-a - e e A & 4 am—

| . e Sttt #

- —




until the nintecnth contury when Pol and Watelle?
gave the first aocount of “compressed air illness”
(catsnon disease) and came to the remarkable con-
Juion that the daager was proportional to the de-
cree and periad of compresion and espedially to
the rapidity of decompression, They also indicat-
ed that if symptoms of the diseiase occurred, the
treataient ~hauld he recompre -sion followed by
aven dower decampression, A more sy<temuatic
~tudy was pabliched o [sTR by Bert? who indicat-
cd thiut the cavse of the symptoms of cai-~on dis-
case was the liberation of nitrogen Lubbles and
demenstrated that if animals were placed in an
oxygen rich atmosphere for ~ome time hefore
being rapidly  decompressed, no bubibles were
formed.

The first report of air bubbles in animals ex-
posed to altitude (62,000 feet) was given by
Hoppe-Seyler in 1857, and Henderson,® sixty
years later, considered the possibility of decom-
pression sickness in flying personnel, but he com-
mented that airplanes at that time were not get-
ting high enough and fast enough for the disorder
to develop. Bends at simulated altitudes were re-
ported by Jongbloed in 1930,8 and a year later by
Barcroft et al.”  Scveral other investigators, in-
cluding Heller, Mager, and von Schritter,® who
made the first and maybe most detailed study on
divers’ bends, Boycott and Damant,? and Hillt0
made essential contributions to our knowledge of
decompression sickness.  Finally, the work of
Armstrong,'! and later that of Behnke,'? provided
a basis for many more recent developments in un-
derwater and aerospace physiology which have im-
proved our understanding of decompression sick-
ness.

Etiology and pathogenesis

Disorders associated with changes in barometric
pressure are better understood when one considers
certain simple laws of physies. Dalton’s law states
that the total pressure of a mixture of gases is the
sum of the partial pressures of each gas. Henry's
law states that the amount of gas dissolved in a
liquid is proportional to the partial pressure of
that gas. Accordingly, at sea level a certain
amount of nitrogen is dissolved in the blood and
tissues of the body, that amount corresponding to
the partial pressure of nitrogen at sea level. Solu-
bility of nitrogen, or of any other substitution gas,
in_various tissues is another factor which influ-
ences the amount and site of gas concentration.
When the ambient air pressure increases the par-
tial pressure of nitrogen also increases, and thus
more gas will be dissolved in the {luids and tissues,
and a new equilibrium will he established, provid-
ing that cxposure to the hyperharic environment
has been given sufficient time.

When one is exposed to an environment of lower
barometric pressure, the nitrogen already dis-

-
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“hrium with the environment.

solved in the blood and tissues will be in dicequili-
This will oceur
when one returns to sea level from a higher pres-
sure, as in the case of an ascending diver, or when
one leaves the surface of the carth und exposes
oneself to the reduced pressure of high altitudes
and, of course, to the lack of pressure in space. In
both situations the gas dissolved in Blood and
ti--ucs of the body, having a partial pressure high-
er than that in the environment, tends to leave the
liquid phase. If the rate of the reduction of the
ambient pressure is slow enough to permit gradual
climination of the “excess” nitrogen through the

hings, in all probability no il offeets will be ob-
served.  But if the fall in barometric pressure is

rapid, the Blood and tissues will become super-
saturated with nitrogen which will tend to “precip-
itate” as bubbles. ,

The AP (differential pressure) or tendency for a
gas to leave the Nquid phase is given in the equa-
tion introduced by Harvey in which AP =t — P,
where tis the total tension of the dissolved gas(es)
in the medium, and P is the amnbient pressure con-
sisting of the total pressure of gases in the environ-
ment plus the hydrostatic pressure of the blood or
tissue. It is apparent that when the P decreases,
as during exposure to an environment of lower
barometric pressure, the AP, that is the tendency
of gas to come out of solution, increases.

Tt is not difficult to appreciate the fact that de-
compression sickness of caisson workers, divers, or
aviators, although differing in the circumstances of
its development and progression of the process, in-
volves the same fundamental mechanism and thus
exhibits many similarities in its manifestation.
Despite uncertainties regarding the origin, site,
and mode of action, gas bubbles are generally ac-
cepted as the basic initiating factor in the produc-
tion of the disorder.

The gas bubbles are formed first in tissues and
the venous circulation, appearing later in the arte-
ries. The formation and growth of gas bubbles in
tissues and blood have several direct, as well as in-
direct, potentially detrimental effects. They may
obstruct blood flow and result in ischemia and in-
farction. Expanding bubbles in muscles and ten-
dons may cause pain by distorting and deforming
nerve endings.’? Ischemia and release or activa-
tion of humoral agents may also contribute to the
production of pain. Gas bubbles arising in the
vessels and lipid-rich tissues of the brain and spi-
nal cord or air embolization of the central nervous
system could be responsible for neurologic mani-
festations, and embolization to the lung could con-
tribute to the respiratory signs of the disecase.

The bubble theory, however, is not all-inclusive
and leaves an appreciable deficit in our under-
standing of various phenomena and problems in
decompression sickness.  Signs of the sickness
may develop without evidence of circulatory ob-
struction by gas bubbles, and gas bubbles can exist
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without manifestation of the disease (the <o called
“<ilent” Lubbles). Furthermore, gas bubbles, or at
least their direct effects, cannot explain certain
complications.

Tt seems plausible that gas bubbles only initiate
a complex and self-propagating dicease process,
the development and seriousness of which depend
more on the involvement of hichumoral and other
factors than on the gas bubble itself.

- Fat emboli produced by decompression injury to
bone marrow and adipose tissue or resulting from
a gas-induced disruption of lipoprotein linkages in
the blood, have been implicated in the pathogene-
sis of the syndrome.'* 16 Clhumping of red blood
cells was considered a secondary complicating fac-
tor as early as 1938.'7 Disseminated intravascular
coagulation associated with a fall in the circulating
platelet count may also play an important patho-
genetic role.!8

Many of the previously mentioned complicating
factors may be the result of surface activity of the
bubbles.'® Intravascular gas bubhles may act as
foreign surfaces to cause denaturation of plasma
proteins, clumping of red blood cells, platelet ad-
hesion and aggregation, coalescence of plasma lip-
ids, and activation of the Hageman factor, which
in turn could result in activation of the coagulation
mechanism, of the kinin system, and of other hu-
moral agents.!>19-22  Gas.induced osmosis result-
ing in changes of water concentration in certain
tissues has also been recently considered as a fac-
tor in decompression sickness and in aseptic bone
necrosis produced by exposure to dysharic condi-
tions, 24

Prevention and treatment

Susceptibility to decompression sickness and se-
verity of the pathologic changes depend on many
predisposing factors, including species, age, sex,
amount of adipose tissue (obexity), and prior expo-
sure to dysbaric conditions. For example, diving
preceding exposure to altitude predisposes one to
decompression sickness, and obesity increases sus-
ceptibility to the discase. Preoxygenation for sev-
eral hours at ground level by removing nitrogen
(denitrogenation) reduces the potential of bubble
formation and serves to protect against the dis-
case. Heparin, with its anticoagulant and lipid-
clearing effect, has been used for both prophylaxis
and treatment of decompression sickness,20.25.28
Plasma expandets, such as dextran, have been em-
ployed in the treatment of the disease, particularly
to counteract the hemoconcentration and hypovo-
lemic shock that often complicate the syn-
drome.'*?7 Dextran, in addition to compensating
for the plasma deficit, may also act by means of its
anticoagulant effect and its inhibition of platelet
adhesiveness.

Several other pharmacologic agents have been
used for the prevention and treatment of decom-
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pression sickness.  Some of them appeared prom-

g Muny did not
prove comnacn-urate with the expectations and
were abandoned. Rescarch s in progress on new
pharmacologic approaches. However, until more
light is shed on the obsenre pathogencesis of de-
compression sickness and the effectiveness of new
treatments is established, conventional prophylac-
tic and therapeutic neasures will ~till prevail.
These include gradual safe decompression and
Lreathing of oxygen or oxygen and inert gas
miatures as a prophylactie procedure and immedi-
ate oxvgen or air recompression followed by grad-
val decompression as a therapeutic method.  Be-
catuse the-e procedures are neither foolproof nor
their application alwiays possible, the need for al-
ternative or supplementary treatments is evident,

ising; others generated <kepticism,

.
¥

Studies condu«:ted in our laboratories

Our work on the mechanism and prevention of
decompression sickness led us to theorize that
stmooth muscle-stimulating substances are impli-
cated in the pathogenesis of the discase. This
concept is based on the following observations:
(1) bradykinin intensifies pathologic alterations
and increases the mortality rate in decompression
sickness; 8 (2) compounds such as PPCH (2-(4-
phenyl- 1 -piperazinylmethyleyclohexanone)™-2®
and dimethothiazine (Migristene)*® with activities
against smooth muscle-stimulating substances (for
example, bradykinin, histamine, 5-hydroxytryp-
tamine) amecliorate and even prevent decompres-
sion sickness; (3) the activity of a new humoral
SMAF (smooth muscle acting factor) increases in
decompression sickness;?? (4) SMAF potentiates
bradykinin and other smooth muscle stimulants,
causes bronchoconstriction, and increases vascular
permeability;?*3! and (5) SMAF increases suscep-
tibility to decompression sickness.??

Decompression sickness was produced in obese
mice by subjecting the animals to 90 psi (absolute)
air pressure for =ix hours and then decompressing
them within one minute to sea level. The various
groups of control and drug-treated animals were
all simultancously exposed to identical pressure
conditions.  Soon after decompression the control
animals exhibited scratching, respiratory distress
with choking, hiccup, convulsions, and most of
them expired within thirty minutes following de-
compression.  Gross and microscopic examination
revealed gaseous distention of the gastrointestinal
tract, accumulation of gas in the adipose tissue,
and presence of gas bubbles in the bone marrow,
spleen, adrenals, vena cava, right side of the heart,
and in pulmonary and other vessels.  Among other
findings there was an increase in the perivascular
space in the lung (¢cdema?), bronchoconstriction,
and pronounced hyperemia and hemarrhagic foci
in the bone marrow.

Administration of bradykinin immediately after
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LABLE 1. t¥ectof “anti inflammatory™ drugs onmortality
rate of ohese mice in decuingres ion sickness

Mortality
Rate
Jrer Cent)

Statistical

Drug Significance

Caontrol

PPCH (G0 g, per
hiloprium

PICH (120 my. per

78 131 40)

43 12, 28) 0.001 S < 0.01

hilogram) 19 (3, 16) P <0.001
Control 70 (23,.33) .
dimethaothinzine 21 (7, 33) P < 0.001
. B

decompression exaggerated many of these patho-
logic alterations and increased the number of
deaths. In contrast in animals treated with PPCH
or dimethothiazine prior to compression clinical
manifestations  were  ameliorated,  pathologic
changes were minimal or absent, and the mortality
rate was significantly reduced (‘Table 1), The de-
compression sickness-preventing effect of PPCH
has recently been confirmed by other investigators
in experiments with rats and hamsters.??

Seeking additional support for the hypothesis
that smooth muscle-stimulating substances play a
role in the mechanism of decompression sickness,
we explored the possibility that bradykinin is acti-
vated in animals exposed to compression-decom-
pression. We extracted tissues from control and
decompressed mice, but we found no evidence of
bradykinin activation, We did, however, come
across a new smooth muscle-stimulating factor in
the lung extract, the activity of which increases in
decompression sickness. 'This previously uniden-
tified factor was called SMAF, which is the acro-
nym derived from smooth muscle acting factor.
SMAF is probably a polypeptide which elicits slow
weak contractions of smooth muscle, causes bron-
choconstriction, increases vascular permeability,
and potentiates bradykinin and other smooth-
muscle stimulants.?231  SMAF was subsequently
also found in blood, kidney, and other organs of
several species including human beings. ‘The
physical, chemical, biologic, and pharmacologic
properties of SMAF distinguish it from similar
substances, such as bradykinin, substance P, pros-
taglandin, and various other factors which cither
stimulate smooth muscle or increase its respon-
siveness to stimulants,

The increase of SMAF activity in decompres-
sion sickness strengthens the theory that smooth
muscle-stimulating substances are involved in the
pathogenesis of the disease. According to this
theory, bradykinin, SMAF, and other smooth
muscle stimulating substances released or activat-
ed in decompression sickness induce several tissue
responses which contribute to the production of
the syndrome. For example, bradykinin and
SMAF, by causing bronchoconstriction, could in-
terfere with the climination of nitrogen. This
could also contribute to the respiratory distress

permy
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observed in decompressed animals. These agients
could also induce circulatory chisnges fuvoring nu-
eation and growth of gas bhubbles. Furthermore,
they may increase vascular permeahility which
could contribute to the production of hemoconceen-
tration and hypovolemic shock that often compli-
cates decompression sickness. The mechanism by
which SMAF, Lrudykinin, and/or other :raooth
muscle stimulating agents are activated or re-
leased is at present a matter of specunlation. Gus
bubbles may cause celtular injury or alteration re-
sulting in the release of such agents or of their ac-
tivators,  Or, surface activity of Lubbles may acti-
vate plasma components such as the Hageman fac-
tor which in turn may, directly or indirectly, cause
release or activation of humoral agonts,

Exposure to the pressure conditions described
previously produces decompression sickness in
obese but not in thin mice  Even when decom-
pression from 90 psi to sea level is followed by ex-
posure to simulated altitude only a small percent-
age of thin mice developed decompression sick-
ness.?

In view of these observations, the possihility
that administration of SMAF could render thin
mice susceptible to decompression sickness and
that PPCH could counteract this effect of SMAF
was entertained.

Thin mice were subjected to 90 psi air pressure
for five hours, decompressed to sea level, and after
a short surface interval further decompressed to a
simulated altitude of 26,000 to 28,000 feet. Clini-
cal manifestations of decompression sickness and
pathologic alterations were observed in a few ani;
mals, and the mortality rate was only 12.5 per
cent. When, however, SMAF was administered
before exposure to altitude most of the animals de-
veloped symptoms and pathologic changes as seen
in the susceptible obese mice, and the mortality
rate reached 45 per cent. Treatment of the ani-
mals with PPCH before compression counteracted
the effect of SMAF and prevented decompression
sickness.  All of the animals survived, and none
exhibited any pathelogic alterations.?® Consid-
ering the postulated implication of smooth mus-
cle-stimulating factors in the mechanism of de-
compression  sickness it is hypothesized that
SMAF increases the susceptibility of thin mice to
the sickness by its direct action on smooth muscle
and/or by its ability to increase responsiveness of
smooth muscle organs to bradykinin and other
stimulants.

The striking decompression sickness-preventing
effect of PPCH and dimethothiazine is considered
to be primarily due to the abhility of these com-
pounds to block the action of smooth muscle stim-
ulating substances. Other mechanisms, however,
cannot be ruled out. The findings of these inves-
tigations are consistent with the postulate that hu-
moral factors are involved in the mechanism of de-
compression sickness.  This pathogenetic coneept
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provides the basis for a new pharmacologic ap-

proach to the prevention or amclivration of the
dizease,

Heth Iorael Mcdioal Canter

10 Nathan D, Perlnian Place

New Yaork, New York Touugd
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INTRODUCTION

The role of gas bubbles as an initiating factor in the pathogenesis of decompression sickness
(DS) is generally accepted. However, the nature of several bubble-induced pathologic alterations and the
mechanism of their development are still obscure. Direct effects of gas bubbles, such as vascular obstruc-
tion, although they explain some of the components of the syndrome, leave an appreciable deficit in our
understanding of several pathophysiologic phenomena observed in the disease. Signs of DS may develop
without evidence of circulatory obstruction by gas bubbles, and gas bubbles can be present without man-
ifestation of DS, the so-called “silent” bubbles.

DS may be a complex self-propagating disease process in which gas bubbles, in addition to their
direct effects, may initiate chain reactions involving biohumoral and other factors which could be respons-
ible for several pathologic changes occurring in this malady. In fact, the nature and severity of structural
and functional alterations in DS may depend more upon the effects of such secondary factors than upon the
gas bubble itself.

Clumping of red blood cells was considered a secondary complication as early as 1938 (1).
Hypovolemia and hemoconcentration (2), fat emboli resulting from decompression injury to bone marrow
and adipose tissue or from gas-induced disruption of blood lipoproteins (3, 4, 5), and gas-induced osmosis
resulting in changes of water concentration in certain tissues (6), have been implicated in DS. Recently.
disseminated intravascular clotting associated with a fall in the circulating thrombocyte count was em-
phasized as an important pathogenetic factor (7). Many of these contributing or complicating factors may
come into play as a result of surface activity of the bubbles (8). Intravascular gas bubbles may act as foreign
surfaces to cause denaturation of plasma proteins, clumping of red blood cells, platelet adhesion and aggre-
gation, coalescence of plasma lipids and activation of the Hageman factor and other enzymes which in curn
could trigger the coagulation mechanism and activate kinins and other biohumoral agents (4, 8 - 12).

Our work in DS in the last ten years provided data strongly supgesting that siooth muscle
stimulating substances may play important roles in the pathogenesis of this disease (12 19).
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The effect of smooth muscle stimulants and of their antagonists on DS

The first observations that drew our attention to the possibility that smooth muscle stimulating
agents may be involved in the mechanism of DS, was the similanity of certam pathalogic alterations pro.
duced by bradykinin to some of those seen in anintals subjected 1o compression-decompiession. We wege
thus led to explore the possible influence of smooth muscle stimulants and of their antagomsts on DS,

DS was produced in genetically obese mice, which are susceptible to the discase. by subjecting
the animals to 90 psi (absolute) air pressure for 6 hours and then decompressing them within 1 minute to
sea level. The various groups of control and drug-treated animals were all simultaneously exposed to identical
pressure conditions. Soon after decompression, the control animals exhibited scratching, respiratory dis-
tress with choking, hiccough-like spells, convulsions, and most of them expired within 30 minutes following
decompression, Gross and microscopic examination revealed gascous distension of the gastrointestinal tract,
accumulation of gas in the adipose tissue, and presence of gas bubbles in the bone marrow, spleen, adrenals,
vena cava, right side of the heart and pulmonary vessels. Among other findings, there was an increase in the
perivascular space in the lung (edema? ), bronchoconstriction and pronounced hyperemia and hemorrhagic
foci in the bone marrow.

Administration of bradykinin immediately after decompression exaggerated many of the ahove-
mentioned pathologic alterations and increased mortality (14). In contrast, in animals pretrcated with
compounds which combine activities against bradyiinin, histamine and §-hydroxytryptamine. clinical
manifestations of DS were ameliorated, pathologic al:erations were minimal or absent, and mortality was
significantly reduced (14, 16, 19). The agents used included 2-- (4 phenyl 1 piperazinylmethyl)
cyclohexanone (PPCH), diomethothiazine (Migristene), aminopyrine, and 1 (N-methyl piperidy! 4)

3 phenyl 4 benzyl pyrazolone -S. The following table presents the influence of the two most effective
compounds on mortality in DS.

EFFECT OF ANTAGONISTS OF SMOOTH MUSCLE STIMULANTS
OF OBESE MICE IN DECOMPRESSION SICKNESS

R Statistical
Drug % Mortality Significance
Control 78 (31/40)
PPCH (60 mg/kg) 43 (12/28) 0.001 <P <0.01
PPCH (120 mg/kg) 19 (3/16) P < 0.001
Control 70 (23/33)
Migristene 21 (7/33) P <0.001

The DS-preventing effect of PPCH has recently been confirmed by other investigators (20) in
experiments with rats and hamsters.

The observations described above provided reasonable support to the hypothesis that bradykinin
and possibly other smooth muscle stimulating humoral agents play a role in the mechanism of DS. Seeking
additional evidence, we explored the possibility that bradykinin is activated in animals exposed to com-
pression-decompression. We extracted tissues from control and decompressed mice, but we found no evi-
dence of bradykinin activation, We did, however, encounter a new smooth muscle stimulating factor in the
lung extract, the activity of which increases in decompression sickness (12). This previously unidentified
factor was called SMAF, which is the acronym derived from Smooth Muscle Acting Factor.
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SMAF and its possible implication in the pathogenesis of DS

SMAF is probably a polypeptide which elicits slow, weak contractions of smooth muscle,
causes bronchoconstriction, increase vascular permeability and potentiates bradykinin and other smooth
muscle stimulants. SMAF, which was originally extracted from mouse tung, was also found in blood, kidney,
placenta and other organs of several species, including humans. The method of SMAF extraction and partial
purification, as well as its physical and chemical properties and biologjcal activities, were dealt with in
previous communications (12, 15, 17). Recent attempts to further purify SMAF by Sephadex G 25
chromatography in 6 M urea enabled isolation of at least 3 different subfractions. One of these subfractions,
which exhibited the greatest pharmacologic activity, was further fractionated by means of ionexchange
chromatography (DEAE-—cellulose) using a buffer concentration gradient at pH 8. The elution curve re-
vealed several peaks which are being analyzed and pharmacologically evaluated.

The observed increase of SMAF activity in the lungs of decompressed mice (12) strengthens
the hypothesis that smooth muscle stimulating substances are involved in the pathogenesis of the discase.
According to this theory, SMAF and possibly bradykinin and other biohumoral agents released or activated
in DS, induce several tissue responses which could contribute to the production of the syndrome. For ex-
ample, bradykinin and SMAF, by causing bronchoconstriction, could interfere with the elimination of nitro-
gen and also contribute to the respiratory distress. These agents could also induce circulatory changes
favoring nucleation and growth of gas bubbles. Furthermore, they increase vascular permeability which
could lead to hemoconcentration and hypovolemic shock which often complicate DS. In addition, brady-
kinin and other smooth muscle stimulants could be responsible at least in part for the pain which is one of
the most common symptoms in DS.

Consideration of SMAF as a pathogenetic factor in DS would be on a safer basis if it could be
demonstrated that administration of this agent aggravates or increases susceptibility to the disease and that
compounds which block the effects of SMAF prevent or ameliorate the syndrome.

Exposure to the pressure conditions described previously produces decompression sickness in
obese mice but not in their thin siblings. In fact, we have observed a significant correlation between degree
of obesity and mortality in DS (13). Even when decompression from 90 psi to sea level is followed by ex-
posure to simulated altitude, only a small percentage of thin mice developed DS (16).

In view of these observations, the *“non-susceptible” thin mouse seemed a convenient modality
to explore the possible DS-enhancing effects of SMAF and at the same time investigate if PPCH could
counteract such effects,

Thin mice were subjected to 90 psi air pressure for § hours, decompressed to sea level and after
a short surface interval further decompressed to a simulated altitude of 26—28,000 ft. Clinical manifesta-
tions of DS and pathologic alterations were observed in a few animals and mortality was only 12.5%. When,
however, SMAF was administered before exposure to simulated altitude, most of the animals developed
symptoms and pathologic changes as seen in the susceptible obese mice and mortality reached 45%. Treat-
ment of the animals with PPCH before compression counteracted the effect of SMAF and prevented DS.
All of the PPCH-treated animals survived, and non exhibited any pathologic alterations (16). Considering
the postulated implication of smooth muscle stimulating factors in the mechanism of DS, it is hypothesized
that SMAF increased the susceptibility of thin mice to DS by its direct action on smooth muscle and/or by
its abiliyt to increase responsiveness of smooth muscle organs to bradykinin and other stimulants.

Accordingly the striking DS-preventing effect of PPCH could be due to inhibition of the direct
effects of SMAF and/or to the antagonism of bradykinin and of other smooth muscle stimulants to which
SMAF increases the responsiveness of smooth muscle organs.
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1 he mechanism of release or activation of smooth muscle stimulants in DS,

The mechanism involved in the release or activistion of smooth muscle stimulating substances
in DS 15 obscure, but several possibilities merit consideration.

Biohumoral agents may be released or activated as a result of direct tissue injury by expanding
gas bubbles. Or, gas bubbles may trigger an indirect mechanism involving circulatory impairment, decreased
tissue perfusion. anoxia with disruption of lysosomes and release of enzymes (21, 22) that could activate
humoral agents.

Recent data regarding gas-liquid interphase phenomena provide additional background for
speculation. It has been reported that the blood-gas interphase may interact with plasma proteins and with
formed elements of the blood, resulting in adhesion and aggregation of thrombocytes and possibly
activation of enzyme systems (4, 8—11).

In view of these hypotheses, it is not inconceivable that smooth muscle stimulating agents may
be liberated from thrombocytes and/or activated in the course of chain reactions initiated by the surface
activity of gas bubbles. Such reactions could involve, for example, the kinin system triggered by the acti-
vation of the Hageman factor, or the complement system with formation of prostaglandins and mast cell
degranulating factors. These and other known or still undiscovered mechanisms may be implicated in the
process of generation of smooth muscle stimulating activity in DS.

To explore the possibility that gas-blood interphase may cause release or activation of smooth
muscle stimulating agents, the following pilot experiments were conducted in vitro: Rabbit blood was
either subjected to compression-decompression in a pressure chamber or in a syringe, or was bubbled with
nitrogen. Some blood samples contained anticoagulant, others did not. In both cases, strict precautions
were tiaken to ensure that the blood came in contact only with siliconized plastic surfaces. When anti-
coagulant was used (heparin, EDTA or citrate), cell-free and thrombocyte containing plasma was prepared
and aliquots of each preparation were cither compressed and decompressed in the chamber or bubbled with
nitrogen. Extracts of these blood and plasma samples and of corresponding controls were tested for smooth
muscle stimulating activity on isolated rat uterus.

The results of these experiments, which are still in progress, will be fully reported in future
communications. Preliminary data, however, indicate that both compression-decompression and nitrogen
bubbling increase the smooth muscle stimulating activity of blood. In cell-free plasma, however, the increase
in activity was appreciably less pronounced, suggesting that formed elements of the blood probably are
implicated in the mechanism whereby gas bubbles generate smooth muscle stimulating activity.

The nature of the smooth muscle stimulating agent (s) involved has not yet been determined.
Partial reduction in the activity of the extracts following incubation with carboxypeptidase B, suggests,
however, the possibility that at least part of the activity is due to substances with peptide moieties.

CONCLUSIONS

The results of our investigations on the pathogenesis of DS indicate:

1. Certain pathologic alterations observed in DS exhibit similarities to some of the histo-
logic changes scen in animals treated with bradykinin.

2. Bradykinin increased mortality and intensifies some of the patholugic changes produced
in DS.

3. The activity of SMAF, a new humoral smooth muscle stimulating agent, increases in DS.

4. Obese mice are more susceptible to DS than their thin siblings.
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5. SMAF increases the susceptibility of thin mice to DS.

6. Compounds with activities against bradykinin, histamine and serotonin prevent or
ameliorate DS in obese mice and counteract the increased susceptibility induced in thin
mice by SMAF.

7. Preliminary observations suggest that in vitro compression-decompression or nitrogen
bubbling of blood increase its smooth muscle stimulating activity.

The above findings are consistent with the hypothesis that smooth muscle stimulating agents are

implicated in the mechanism of DS. This pathogenetic concept and the striking protective effect of com-
pounds which antagonize smooth muscle stimutants provide the basis for a new pharmacaologic approach to
the prevention or amelioration of the discase.
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CGAS IHIDUCID ALY RATIONS OF SLRUM LIPIDS

Chi,suntios P, Chiyeenthou, Corol Vordurer end Lisa Rubin
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Mount Singl School of Aedicine of the Cify University of New York, New Yok, NUY.

IHTRUDUCTION

The puthojenesis of decor pracsion sichness is still
cliscure.  Tncreasing evidence suggests that s bubbles,
in oddition to their ditect cffects, ray trigzer a se-
quence of blood and tissue alterations which could con-
trit ute to the develcpment of the discase. (1)

Lipid embolizetion is one of the proposed pathoge-
retic factors which recently ottracted consideicble at-
tention, (2-4)

uncoenmen finding in victims of dicompression sickness,

The fact thot fat erlolization is not an

particolarly in high oltitude decomprettion, supnorts the
!

passible role of lipid ertoli in the nechanism of the

disease. The omelicrating effect of heparin on decom-
pression sichness is also consistent with this hypothesis

if one considers the lipid-clearing oction of the diug.

Most of the early communications o1 fot embolizo~
tion dealt with the liver, bone marrov and odipose tis-
sue as potential sources of lipid emboli. MNewer con-
cepts implicote clrculating plasma lipids in decompres-
sion-induced fat embalization. Suggrited mechanisms in-
clude gos-induced disruption of terum lipoproteins with
subsequent aoggregation of the released lipid, coalescence
of chylomicrons and incorporation of cosfesced lipids
into oggregotes of formed elements of the blood. (2-5)
*  The present communication is ¢ p.eliminary report
on lipid particle formation resulting fiom serum-bubble
interfoce activity in vitro,

METHOD
Scrum-tubble interface:  Pooled human scig were dis-
tributed into control and experimental plastic test tubes
which were placed into o water bath ot 379C.  Poly~
ethylene tubing connected to a compressed air manifold
was immrersed in the serum in cach test tube. The ex-
perimeatal sera ware bubbled for 60 minutes ot a flow
rote of 510 ml of air/minute. No gir was passed
through the control sera.

Filtiction of samples: Following bubbling the experi-

mental somples were pooled into one container ond the
controls (non-hubkled) into onother.
from each pool were then possed through micioporous

10 m! oliquots

10003, cnd
10029

The filtcrs veed vere Unj-

-P2d) of priie <ize

filtees of veiyirg pore size,

1

Pore polycart oo ule nenliones
0.1-8 microns, a:d willipore nerbicie filbias (Falcon)
or cellulosie dites (Ariican *Microparous filters) of 0,45
micion pore size. [Filtiction was ¢z docted by javity
or urder reduced preccure with o differential presure
5g 25 mm Hg.

on the two sides of the filters not excen
Staining of filters:  Alter the filters were dicd they
were stained Tor lipids with Qily Red O d,e, Nile
Blue suliate or phosphonclyldic ceid,  Filters spis,ed
with the latter reogunt were hea'ed to intensify tle
ieoction.  The steining of experimental end control
filters v.os covporotively evclucted by gross intpection
and nicroscopic examirgtion,

Lipid concentiction det inction:  Triglycerides, cho-
Testerol” and’ ?_o?cvxl_“‘pi'asAv'c e determined in bubbled
and non-bubbled sero tefore and after filtration by
cppropriate chemical methods,

RLSULIS

Bubbled sero contained a larger cmount of unfil-
troble fipid material thon corresponding controls {non-
bubbled sera).  This was suggested by the more exten-
sive and intense staining of membranes used to filter
bubbled sera than of those used for controls (Fig. V).
The difference in the amount of unfiltrable lipid he-
tween bubbled ond non-bubbled sera was more pio-
nounced when 0.45 micron-pore merhicnes were used.
Nevertheless experiments with sequential filtration
through membranes of decreasing pore size indicoted
that bubbling of serum results in the formetion of lipid
potticles between 5-8 microns end even laiger than 8
mic:ons as sugyested by the retention of lipid-positive
particles on polycarbonote membranes of 8 micron pore
size.  figure 2-A is a micioscopic picture (100x) of
lipid porticles stained with phosphomalyl dic acid on an
8 micion-pore membrane following filtration of ful tled
seta. In Figure 2-B no particles ate seen on en iden-
tical membrane after filtration of ran Lol bled (control)
sera,  This finding wos supported Ly the results of lipid
determinations,  In several coses total lipids ond tri-
glycerides in bubbled scra were 1educed to @ greoter
extent than in control sero ofter filtration thiough on
8 micron-pore memltiane.
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8 control

tIGURE 1. fIGURE 2.,

DISCUSSION

Low

The results of there preliminary investigations s
that sent
steired (with dyes for lipids) to o jreater oxtent than

Furtheimore

icaes used Tor the filtiation of bubbled tera
thase veed for non-Lutbled sera {eostrols).
the decrease of lipid concentration in the filtrates of
Lubbled sero vos greoter than that in the centrols,

These observations susgjest that Lubhling of cera resulted
in the formation of lipid particles which were unfilticble
thiough the mexbranes used.

The instability and alterations of plesma lipids may
be caused by g1s bubbles. Blood-bubble inteifoce ac-
tivity could dencture lipapioteins with literation of the
lipid moeity ond could also induce coalescence and
adhesion of lipid paorticles.

The size of the particles is impo-tant when ove
considers their potential role as embolic material. An
“attempt was mode to approximate their size by using
membranes of varying pore size. Tiltration was corried
ot with a differential pressure on the two sides of the
membrones of less thon 25 mm Hg. This precaution
was necessary to avoid deformation of lipid particles
ond forced passage through filter pores under pressure
condition substontially different than those anticipoted
in in vivo situations, The tesults with various pore
size filters sugsest that bubbling of serum causes forma-
tion of porticles even larger than 8 microns but the
majority of the material retained by the filters consists
of smaller particles. 1t is reosonable to assume that
lipid particles larger thaon 8: microns ate potentially
capable of causing embolization. Mowever, porticles
even smaller than 8 microns may contribute 1o the for-
mation of emholic material by being incorporated into
platelet thrombi (5) or other aggregated elements of the
blood. 1t is also possible that smaoll lipid particles may
coalesce in vivo to form larger emboli.
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Cpleluion s ress

ot also in o B it ey b ey ood wther dimilar
pw;(:-'fnv"‘ \u’”;"i{;" Yisre s, e ators, It is of
interest in thie ooect thot d ced disruption of

lisoproteing eentted in for cnlslizetion during crtio-

c.opooeal bidoey puerfuiion ond thot ermbolizstion was
H

procented By oorior der uiation cnd renclol of pleira

lipids. (5,7)
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Amelioration of decompression sickness in mice by
pretreatment with cyproheptadine

C. CHRYSSANTHOL, L. RUBIN, and B. GRABER

Department of Pathology, Beth Israel Medical Center, New Yorh, NY 10003, and Department of Pathology . Mownt Sinan
School of Medicine af the Cuy Uninersitv of New York. New York, NY 1002y

Chry ssanthou C. Rubin L. Graber B. Amehoranon of decompression sickness in mice by pretreat-
ment with ¢y proheptadine. Undersea Biomed Res 1980, T14,:321- 329, — Substunces that sumulate
smooth muscle have been previously implicated in the piathogenesis of decompression sickness.
This concept was strongly supported by the demonstration that compounds that combine activities
against histamine. bradykinin. and serotonin prevent or ameliorate decompression sickness. This
communication deals with the prophyviactic effect of cyproheptadine (Penacting, a drug exhibiting
such pharmacologic properties. More than 500 obese muice were used. Experimental groups. sub-
cutaneously injected with cyproheptadine (0.5-40 mg kg) prior to compression, and corresponding
control animals were simultancously subjected to 75 peig air pressure for 6 h and then rapidhy
decompressed. Most control animals exhibited signs of decompression sickness (chokes. scratch-
ing. twitching. convulsions. paralysis) and died. Gross and histologic examination revealed gas
bubbles in vessels and tissues. perivascular edema. and other changes. In cyproheptadine-treated
amimals the incidence and severity of chinical manifestations and pathologic alterations were re-
duced. and mortality was markedly decreased. Statstically significant results were obtained with
doses of 2.5-10.0 mg kg. The S-mg kg dose lowered mortality by 45.9% . These results support the
proposed pathogenetic concept and suggest i potential preventive treatment for human subjects

decompression sickness antihistaminic

mice antibradykinin

prevention pharmacology

prophylaxis smooth muscle stimulating substances
treatment pathogenesis

drugs Periactin

cyproheptadine

Previous work provided data indicating that smooth muscle stimulating factors are implicated
in the pathogenesis of decompression sickness (1-5). Consistent with this concept is the
observed decrease in morbidity and mortality in the disease when compounds that combine
activities against histamine. bradykinin. and S-hydroxvtryptamine are administered prior to
compression (1-4). The prevention of decompression sickness by such compounds. originally
shown in studies conducted in our laboratories on mice. was subscquently confirmed by other
investigators working with hamsters and dogs (6. 7).
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Eyen though this pharmacologic approach to the prevention or amelioration of decompres-
ston stehness was successful on several wimal species. no human studies his e been imitiated
to date. One of the reasons tor the reluctance 1o undertake investigations on human subjects s
that none of the drugs used to prevent decompression sickness in animals are FDA-approved
tor any human use. and seeking FDA approval is a complicated and time-consuming process.

We therefore explored the possibility of ameliorating decompression sickness by use of
¢y proheptadine. which also combines activities against smooth muscle stimulants, but unlike
the previously used compounds. it has FDA approval for use m human beings.

MATERIALS AND METHODS

Appronimately 00 male hereditary obese mice (CS7BL 6J-0ob obtained from Jackson
Memorial Laboratones. Bar Harbor. ME). which are susceptible to decompression sickness.
were used. The animals were housed in metal cages kept in rooms with controlled temperature
(72 C = 2 ) and relative humidity (30¢7). They were fed Wayne Lab-Blox and water ad
libitum. After a 2-3 week stabilization period they were divided into control and expenmental
groups of corresponding weights, In cach experiment (runy one control group and 2 or 3
experimental groups. cach consisting of 6-8 mice. were placed in a hyperbaric chamber
t Bethlehem Corporation Model 1836 HP) and subjected to compression-decompression simul-
taneously to ensure exposure of control and experimental groups to identical dysbaric condi-
tions. A total of 17 experiments were conducted. All animals in all experiments were subjected
to 75 psig air pressure for 6 h and then decompressed to sea fevel within 1 min (usually 30 <.
Previous experiments have shown that with this simulated dive profile approximately 6(¢7 —
RO¢ of the amimals develop decompression sickness (1. 4). Immediately prior to compression
the experimental groups received a subcutancous injection of cvproheptadine HCL (Feriactin,
Merck Sharp & Dohme). whereas the control animals were injected with an equal volume of
the vehicle tnormal saline). The dose of cyproheptadine ranged from 0.5 1o 40 mg kg body wt.
In a few experiments cyproheptadine (2.5-20.0 mg hg) was administered immediately after
decompression.

Lipon decompression to sea level, the animals were taken out of the chumber and observed
tor at least | h for signs of decompression sickness (gasping. chokes. hiccough-like spelis,
scratching, twitch, paralysis. convulsions). Apimals that succumbed were autopsied im-
mediately. and representative tissues were removed for microscopic examination. Survival
time after decompression was recorded. Autopsies and histologic examination were also per-
tormed on a few animals killed at intervals after decompression. These animals were not
included in the mortality statistics. The effects of cvproheptadine on mortality were statisti-
cally evaluated by the chi-square test.

RESULTS

Ax in preceding studies. controlb amimals exhibited previousiy described signs of decompres-
sion sickness (1, 4, consisting mainly of severe respiratory distress, twitching. and convul-
sions, and most of them died within 1 h after decompression. Gross and microscopic examini-
tion of mice that succumbed to decompression sickness revealed the usually observed en-
largement of the abdomen caused by gaseous distention of the gastrointestinal tract (Fig. D,
pronounced hyperemia of the bone marrow. perivascular edema in the lung (Fig. 24), and the
presence of gas bubbles in various tissues and organs. Intravascular gas bubbles were present
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Fig. 1. Gascous distention of stomach and itestines in ammal that succumbed to decompression

sickness.
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Fig. 3. Skin from animal following exposure to compression-decompression. Note presence of gas
bubbles (arrows) in the dermis. Hematoxylin and eosin stain: orig. magnif. x S0.
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Fig. 4. A: liver from control animal subjected to compression-decompression showing large gas bub-
bles in markedly distended central vein. 8: corresponding tissue from animal treated with cyproheptadine
prior to compression. Central vein is free of gas bubbles. Hematoxylin and eosin stain: orig. magnif. ~ 20.
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in many vessels but were predominantly observed in the inferior vena cava and in pulmonary
vessels (Fig. 24). The spleen, adrenals, adipose tissue, skin (Fig. 3), and bone marrow, and to
a lesser extent the liver (Fig. 44), kidney, pancreas. and heart, showed minute bubbles or lurge
accumulations of gas. Although in many instances the gas bubbles were intravascular. it was
not always possible to determine whether the accumulation of gas was in vessels or in tissue
spaces.

In the experimental groups, particularly those injected prior to compression with 2.5, 5.0,
and 10.0 mg/kg cyproheptadine. the frequency and severity of clinical manifestations and
pathologic changes were markedly reduced. survival time was prolonged. and mortality was
significantly decreased. Microscopic examination revealed that gas bubbles were present in
larger numbers and had a wider distribution in controls than in cyproheptadine-treated ani-
mals. In the contro) group 57% of the autopsied mice exhibited gas bubbles in more than two
organs: this was observed in only 15% of the experimental animals. The frequency of intravas-
cular gas bubbles in the lung and liver of control animals was 579 and 439 respectively. In
cyproheptadine-treated animals the corresponding frequencies were 204 and 577, respec-
tively. Figures 24 and 44 show representative pathologic alterations in tissues of control
animals (subjected to dysbaric conditions, without drug pretreatment). Corresponding tissues
from animals pretreated with cyproheptadine in Figs. 28 and 4B show absence of such alter-
ations. Figure 5 compares mortality of control and cyproheptadine-treated (5.0 mg'kg} ani-
mals. It can be seen that 10 min after decompression, 207 of the control animals died, whereas
only 8% succumbed in the treated group. Similarly, 30 min after decompression, 55% of the
control animals but only 25% of the cyproheptadine-treated animals died.

Table 1 shows the effect of cyproheptadine on mortality at the seven dose levels used. The
dose of 2.5 and 5.0 mg/kg reduced mortality by about 45¢7. The results with the doses at
2.5-10.0 mg/kg are statistically significant at high levels of confidence. as Table | indicates.
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Fig. S. Mortality in 37 control mice and 38 cyproheptadine-treated mice subjected simultaneously to
identical dysbaric conditions.
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TABLE 1
ErEtC oF PRECOMPRESSION ADMINISTRATION OF CYPROHE PIADINE ON MORTALITY OF
MICE IN DECOMPRESSION StCKNESS

Mortality, 7

Dose, Control Expertmental Reduction in Statistical
mg kg Animals Animals Mortahty, 7 Significance
0.5 75.0 (6/8)" 75.0 (6:8) 0 NS~*
1.0 78.3 136:46) 65.2 (30/46) 16.7 NS
2.8 T1.4 (152D 39.3 (11128 45.0 P=0.05 !
5.0 73.0(2737N 39.5 (15:38) 45.9 0.001<P<0.01
10.0 78.7(53 70 55.0 (38/69) 27.3 0.01<P<0.02
20.0 69.7 (23.33) 60.6 (2033 13.0 NS
40.0 37.5(38) 100.0 (8.8) — NS
*(Number of dead animals.total number of animals in group): **NS = not significant.

The reduction in mortality was not as pronounced with the 1.0- and 20.0-mg/kg doses. The
overall mortality in the control groups was 7377 (163.223), which is the predicted rate for these
animals with the dive profile used.

Cyproheptadine administered immediately after decompression did not influence clinical
manifestations and produced only insignificant changes in mortality (Table 2). In these exper-
iments the overall mortality of control animals was 56.8%. which is somewhat lower than that
in the preceding experiments. This could be because the animals used in the experiments that
are listed in Table 2 were of a lower weight and thus less susceptible to decompression
sickness (8).

DISCUSSION

The results of this investigation indicate that cyproheptadine. when administered pror to
compression, protects mice against decompression sickness. This prophylactic effect was
evidenced by the observed reduction in the frequency and severity of clinical manifestations
and pathohistologic alterations and by the significant decrease in mortality. Optimal effect was

TABLE 2
EFFecT oF POST-DECOMPRESSION ADMINISTRATION OF CYPROHEPTADINE ON MORTALITY O}
MICE IN DECOMPRESSION SICKNFESS

Mortality, %

Dose. Contro) Experimental Statistical
mg’kg Animals Animals Significance
20.0 56.3 (9'16)* 68.8 (11 16) NS§**
§.0 S7.1.(122D 66.7 (14:21) NS
2.5 §7.147) R8.7.(6/7) NS
“(Number of dead animals‘total number of animals in group): **NS - not significant.
VR
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obtained with the intermediate doses of 2.5, 5.0, and 10.0 mg/kg. The ineffectiveness of the
high doses (20.0 and 40.0 mg'kg} could result from toxic effects of the drug at such high dose
levels. On the other hand. failure of the low doses (0.5 und 1.0 mg kg) to decrease morbidity
and mortality may be due to insufficient concentrations of the drug in the blood and tissues.
even though these low doses are slightly higher than the therapeutic dose of ¢yproheptadine
when used as an antiallergic drug. This may be because the cyproheptadine was administered
several hours prior to decompression. which in all probability is the critical phase during
which the drug can exert its protective effect: obviously. during this prolonged period. the
concentration of the drug in the blood and tissues may be reduced by excretion or bio-
transformation. or both.

Administration of cyproheptadine immediately after decompression did not ameliorate de-
compression sickness. The ineffectiveness of the post-decompression administration of the
drug may be due to irreversible changes triggered by gas bubbles before the drug is absorbed in
concentrations sufficient to prevent or interrupt bubble-induced chain reactions.

In view of the above considerations. one can hypothesize that protection against decom-
pression sickness may be achieved with smaller doses if the drug is administered shortly
before decompression.

This possibility was not tested in the present investigation because of mechanical limitations
that prevented administration of injections while the animals were being compressed.

All the compounds that in our hands were found effective against decompression sickness
exhibit activities against histamine. bradykinin. and serotonin (1. 3. 4). These compounds
include 1-(N-methyl-4-piperidyD-3-phenyl-d4-benzyl-S-pyrazolone (PPBP). 2-(4-phenyi-1-
piperazyl methyl-cyclohexanone HCl (PPCH). and dimethothiazine (Migristene). The fact
that cyproheptadine, which was also shown to ameliorate decompression sickness. has an-
tihistaminic, antiserotonin, and antibradykinin properties (9} provides additional support to
our concept that agents that stimulate smooth muscle are implicated in the pathogenesis of the
disease. Such agents could be released or activated in decompression sickness by several
mechanisms. including mechanical disruption of tissues by expanding gas bubbles. gas-blood
interphase activity. or vascular obstruction causing hypoxic damage 1o cells with subsequent
release of lysosomal enzymes (2. 5. 10-13). The release or activation of smooth muscle
stimulants could produce circulatory changes favoring further formation and growth of gas
bubbles. They could also cause increased vascular permeability with subsequent edema.
hemoconcentration. and hypovolemia. Furthermore, they could cause pain and produce
changes that contribute to respiratory distress.

Considering the above and the fact that antagonism of histamine. serotonin. and bradykinin
is the common denominator of all compounds that were shown to prevent decompression
sickness, it is tempting to attribute the ameliorating effect of cyproheptadine to antagonism of
smooth muscle stimulants.

The described pharmacologic approach suggests a potential prophylactic treatment for
human decompression sickness. One drawback of this treatment is the drowsiness that may be
produced by cyproheptadine. This undesirable side effect. however, could conceivably be
alleviated by combining cyproheptadine with a psychomotor stimulant. 1t has recently been
shown that amphetamine. which antagonizes the depression produced by antihistaminies (14,
15). counteracts the sedative action of cyproheptadine in mice without neutralizing its protec-
tive effect on decompression sickness. (16)

This work was supported by the Office of Naval Rescarch. Department of the Nav e, Contract #N00004- 79 C 0312 and
the Lenore Wenstemn Fund
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Chryssanthou C, Rubin L. Graber B. L'amélioration de la maladie de decompression chez les
souris par le pré-traitement avec la cyproheptadine. Undersea Biomed Res 1980: 7(4):321-329. —
Les substances qui stimulent les muscles lisses ont été impliqués préalablement dans la
pathogenese de la maladie de décompression. Ce concept a été fortement sostenu de la démonstra-
tion que les composés qui combinent les activités contre I'histamine, la bradykinine, et la
serotonine empéchent ou améliorent la maladie de décompression. Cette communication regarde
I'effet prophylactique de la cyproheptadine (Periactin). une drogue qui montre telles qualités phar-
macologiques. Plus de 500 souris obéses ont été utilisés. Les groupes experimentaux ont été
injectées en maniere sous-cutanée avec la cyproheptadine (0.5-40 mg/kg) avant la compression, et
des souris de verification ont Subi simultanéament une pression de 1'air de 75 psig pour 6 h et puis
decompressés rapidement. La plupart des souris de verification ont montré des indications de la
maladie de décompression (des engorgements, des grattements, des contractions nerveuses, des
convulsions, de la paralysie) et sont morts. L'examen gros et histologique a montré des bulles
gazeuses dans les vaisseaux sanguins et les tissus. un oedéme périvasculaire. et des autres change-
ments. Chez les animaux traités avec de la cyproheptadine. I'occurrence et la sévérité des manifes-
tations cliniques et des altérations pathologiques ont été reduits, et la mortalité a été diminuée
d’une fagon marquée. Du point de vue de la statistique. des resultats significatifs ont été obtenus
avec les doses de 2.5-10.0 mg/kg. La dose de 5 mg/kg ont abassé la mortalité a 45.9%. Ces resultats
soutiennent le concept pathogénique proposé et suggérent un traitement préventif chez les sujets
humains.

maladie de décompression antihistaminique
souris antibradykinine
prévention pharmacologie
prophylaxie substances qui stimulent les muscles lisses
traitement pathogenése
drogues Periactin
cyproheptadine
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AMELIORATION OF DECOMPRESSION SICKNESS
BY COMBINED AMPHETAMINE-CYPROHEPTADINE
TREATMENT

C. Chryssanthou, L. Rodriguez, and P. Branden

Previous studies conducted in our laboratories in the last 1S years strongly
suggest that smooth muscle stimulating factors are implicated in the pathogen-
esis of decompression sickness (DCS).

The following are some of our observations that lend support to this
concept:

1) Several pathological alterations in DCS are similar to those scen in
bradykinin-treated animals (1).

2) Smooth muscle stimulants, such as bradykinin and smooth muscle act-
ing factor (SMAF), increase susceptibility of animals to DCS (1,2).

3) SMAF is released or activated in DCS (3.4).

4) Decompression or nitrogen bubbling of blood in vitro gencrates smooth
muscle stimulating activity (4,5).

5) Smooth muscle stimulating substances could account for several clini-
cal manifestations and pathologic alterations in DCS (6.7).

6) Compounds which combine activities against histamine, bradykinin,
and 5-hydroxytryptamine prevent or at least ameliorate DCS in mice (1,7,8).
The latter observation was confirmed by other investigators working with ham-
sters and dogs (9,10). Dimethothiazine and cyproheptadine are among the
compounds which exhibit an appreciable DCS preventing effect as evidenced
by a sigrificant reduction in morbidity and montality (7,8).

The fact that all compounds in our studies prevented DCS-produced seda-
tion, probably because of their antihistaminic activity, raises the question of
this central depressant action playing a role in the prophylactic effect of these
compounds.
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The present conmimunication deals with experiments designed to determine
whether drugs that amelioate DCS retain their protective effect when their
sedative action is neutralized or coumeracted. Elucidation of this question is
important not only from a theoretical point of view but also for practical rea-
sons because it would not be advisable (0 administer to divers or compiessed
air workers DCS-preventing drugs that cause drowsiness.

Two series of experiments were conducted. The first series determined the
minimuim amount of amphctamine 1equired o antagonize the sedative effect of
dimethothiazine and cyproheptadine at doses which wmeliorate DCS in ice.,
The sccond scries of experiments assessed the effectivencess of opthmum sm-
phetamine-cyproheptadine combinations in the amelivration of DCS.

MATERIAL

Animals, C57BL/6] mice (Jackson Memorial Luboratories, Bar Harbor,

ME), weighing 22-38 g, were used in the first experimental series and their”

obese littermates (CS7BL/6J-0ob), weighing 10-78 g, were used in the second
series. The reason for wsing both thin and obese mice is that thin animals are
better suited than obese for experiments on the effects of drugs on locomotor
activity (obese are too inactive for such ‘studics). Obese mice, on the other
hand, are preferable for studies on DCS because of their greater susceptibility
to the disease as compared to their thin littermates (11). Only male animals
were used as subjects because their activity is not influcnced by cyclic changes
as in females.

Drugs. The compounds used in these investigations were: dimethothiazine
(Migristene, Rhone-Poulenc-Special), cyproheptadine (Periactin, Merck Sharp

& Dohme), pseudoephedrine HCL (Chromalloy Pharmaceuticals), and dl-am- .

phetamine sulfate (Amend). All solutions for injection were made in sterile
normal saline.

Revolving wheel cage. A revolving drum, 18 cm in diameter and 11.5 cm
in width, were used. Friction was minimized by ball bearings and thus loco-
motion of the animals by even a fraction of an inch caused partial rotation of
the drum. The revolving drum measured only lateral movement; vertical move-
ment (standing on hind legs and jumping) or leaning and tuming could not be
measured. A mechanical counter connected to the revolving drum responded to
every one-half rotation in either direction and counted once every two such
one-half rotations.

Hyperbaric chamber. A Model 1836HP Bethlehem Corporation chamber
with controlled temperature and humidity was used. The chamber was pressur-
ized with air (dry air cyclinders, Matheson Company, Inc.).

METHODS

The animals were kept in metal cages in rooms with controlled tempera-
ture (22 "+ 2°C) and relative humidity (50%) for a 2-3 week stabilization
period.

(¥ 3
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They were fed Wayne Lab-Blox and water ad libitum.

The degree of sedation produced by dimethothiazine and cyproheptadine
and the only antagonistic effect of psceudocphedrine und amphetamine were
measured in thin mice in the first experimental series. The central depressant
or stimulant effect of the diugs on the animals was expressed in terms of
changes in spontancous locomotor activity measured by the revolving wheel
cage.

The effectiveness of the optimum cyproheptadine-antagonist combination
in preventing DCS was tested in obese mice in the second series of experiments,

Measurement of spontaneous locomotor activity. These mueasurements,
which were assumed to reflect drug induced sedation or stimulation of the ani-
mals, were made in a dark quiet room so that visual and auditory stimuli were
climinated. Temperature ranged between 22° and 26 C. Viriations of tempera-
ture within 5°C have @ neghigible effect on locomotor activity (12). The previ-
ously described revolving wheel cage was used 1o record lovomotion, Because
of minimal friction between the wheel and the horizontal axis, the animals did
not use extra cffort to rotate the wheel and were thus not discouraged from
walking or running. No food or water was available to the animals during the
recording period. They were given Lab-Blox und water ad libitum before and
after testing.

Each animal served as its own control because of great variations in loco-
motor activity even among littermates of the same sex under the samme experi-
mental conditions (12). Activity was recorded every 15 min during a 4-h run.
which was conducted once a day every other day for a total of 5 runs. The test
substances were injected subcutancously following the first 2 h of activity in
the wheel cage. Normal saline was administered to all animals in the first three
runs to establish base-line (control) levels of activity. The same animals re-
ceived dimethothiazine (40 mg/kg) or eyproheptadine (5 mg'kg) in the 4th run.
Administration of the same drugs in the sume dose to the same animals was
repeated in the Sth run 15 min after a subcutancous pseudoephedrine or am-
phetamine (1-10 mg/kg) injection. Activity was expressed as mean rotations
per hour (RPH). The rcsults were statistically evaluated by the Student’s r1-test
for paired observations.

Testing effectiveness of drug combinations on DCS. Decompression sick-
ness was produced in obese mice by exposure to 6.12 ATA (90 psi) absolute
air pressure for 6 h followed by decompression to sca level within 1 min (usu-
ally 30 s). This simulated dive profile has been previously shown to produce
DCS in obese mice with approximately 60-80% monality rate. A total of 64
mice were used in 4 experiments. The animals were divided into one control
and one cxperimental group of corresponding weights. In cach experiment
cight animals from cach group were placed in the chamber at the same time
and subjected to the above dive profile simultancously to ensure exposure of
control and experimental animals to identical dysharic conditions. No food or
water were available to the animals during dysbaric exposure. Immediately be-
fore compression, the experimental animals reccived a subcutancous injection
of the optimum wnphetamine-cyproheptadine combination. Normal saline was

3.
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administered to the control mitee ina volume cqual to that ot the draug injec-
tons. The effect of amphetamine alone on DCS was tested on 16 additional
animals in 2 preliminary experiments.

Following decompression, the animals were taken out of the chamber and
observed for at least 60 min for chinteal anifestations of DCS. Animals that
succumbed were immediately autopsicd and representative tissues were re-
moved for histologic examdion. Postdecompression survival nimes were re-
corded. Autopsies and histologic examinations were also performed on a few
animals which were subjected to cuthanasia at various intervals after de-
compression. These animals were not included in the mortadity statistics. The
results were statistically evaluated by the chi square test with Yites correction.

RESULTS

First Experimental Series: Effect of Drugs on Spontanceous Locomotion

Both cyproheptadine and dimcthothiazine caused a dramatic reduction in
spontancous locomotor activity. Within 15 min following drug adininistration
locomotion began to decrease precipitously and 1 h after injection most ani-
mals exhibited minimal or no activity (iig. 1). In one group of 19 unimals
locomotor activity of 211 RPH during the control run (following saline admin-
istration) was reduced to 47.5 RPH after an injection of 5 mg/kg cyprohepta-
dine (Table I). Similarly. dimethothiazine administered to another group of 12
animals lowered activity from a control level of 257 RPH to only 35 RPH
(Table 11).
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TABLE 1

Effect of Cyproheptadine and Amphetamine-Cyproheptadine on Spontaneous
Locomotor Activity of Mice

Rowtons pechowr
- Amphetamine (7.5 mg/hg)

Control Cyproheptadine plus
Animal No. (Normal Saline} (5 mpig) Cyproheptadine (S mghg)*

1 319.5 62.0 301
2 3805 40.5 342
3 38 14.5 20.5

. 4 2635 415 123.5
5 155.0 56.5 400.0
6 394.0 440 2245
7 105.0 920 408.0
8 ‘ 525 218 140.0
9 2.5 5.5 232.0°
10 287.5 82.5 329.5
1 112.5 $6.5 226.0
§i2 452.0 96.5 402.5
13 31 26.5 175.5
14 83.5 235 179.0
15 502.5 s 330.0
16 70.5 102.0 251.0
17 308.5 35.0 4240
18 172.5 14.5 3358
19 185.5 9.0 2195
Mean = SE 211.4 = 36 475 = 7 266 = 25

* Cyproheptadine was administered 1S min after the amphetamine injection.

TABLE [l

Effect of Dimcthothiazine and Amphetamine-Dimethothiazine on Spontancous
Locomotor Activity of Mice

Rotations per hour

Amphetamine (7.5 mg/kg)

Animal Control Dimethothiazine plus
No. (Normal Saline) (40 mg/kg) Dirmethothiazine (40 mg'kg)*
! 488.5 49.5 305.5
2 357 98 666
3 427.8 13 122
4 91.5 245 314
5 133.1 26.5 46.5
6 4755 28.5 144.5
’ 7 135.5 30 185.5
8 96.5 49 1325
9 3538 355 215
to 180.5 235 200.5
_ 1 196 38 130.5
12 121 16.5 156
Mean = SE 257.28 = 41 3507+ 6 198.42 = 45
*Dimethothiazine was administered 15 min after the amphetamine injection.
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Pscudocphedrine (10 mg/kg) administered to 10 animals 15 min before or
after a cyproheptadine (5 mg/kg) or dimethothiazine (40 mg/kg) injection did
not influence the depressant effect of the latter compounds on locomotor
activity.

Amphetamine, on the other hand, significantly antagonized the sedative
action of both cyproheptadine and dimethothiazine (Fig. 2). The time-course
of the depressant action of cyproheptadine and the antagonistic effect of am-

phetamine is illustrated in Fig. 1. Table I shows that 5 mg/kg cyproheptadine,

when administered alone, lowered mean Jocomotor activity from a control
level of 211 RPH to 47.5 RPH und did not depress locomotion when preceded
by an injection of 7.5 mg/kg amphetamine as evidenced by a mean locomotor
activity of 266 RPH. In fact, al! animals exhibited a significantly greater loco-
motor activity when amphetamine preceded cyproheptadine administration,
Likewise, Table 11 indicates that the sedative ¢ffect of 40 mg/kg dimethothia-
7ine reflected in the reduction of locomotion from 257 to 35 RPH, was coun-
teracted by 7.5 mg/kg amphetamine, which increased mean locomotor activity
to 198 RPH when administered 15 min before dimethothiazine. These results
are statistically significant at high levels of confidence (P<0.001). Lower
doses of amphetamine did not sufficiently antagonize the sedative effect of cy-
proheptadine or dimethothiazine; higher doses produced stimulation resulting in
locomotor activity much higher than base line levels.
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Flg-. 2. AmpRetamine antagonism of the inhibitory effect of cyproheptadine and dimcthothiazine on
spontancous focomotor activity in mice. Height of columns represents mean revolutions per hour of all ani-
mals in the group during the entire test period. Vertical lines represent SEM.
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Second Experimental Series: Effect of Amphcetamine-Cyproheptadine on
DCS

Animals that developed DCS, as a result of their exposure to the previ-
ously described dive profile, began to exhibit signs of the disease soon after
decompression. Clinical manifestations of DCS included scratching (possibly
because of the formation of subcutancous gas bubbles), reduced locomotion,
chokes, and convulsions. Alimost all control animals exhibited these signs and
the mujority of them succumbed in less than 1 h following decompression;

- their death was preceded by twitching and severe respiratory distress with
gasping and hiccough-like spells.

In the groups that reccived the combined amphetamine-cyptoheptadine
| treatment before compression, a smaller number of animals manifested signs
of DCS than in comresponding control groups. Table HI shows that in all ex-
periments fewer animals died in the groups treated with amphetamine-cypro-
heptadine than in controls. The overall monality decreased from 83.8% to
51.7%, a reduction of 38.3%, which is statistically significant (0.02 < P <
0.01).

Autopsies of animals that succumbed to DCS revealed the previously de-
scribed gross alterations (1,11). Most striking were the abdominal enlargement
caused by gascous distention of the gastrointestinal tract and the presence of
grossly visible pas bubbles in the vena cava, the subcutaneous and intra-ab-
dominal adipose tissue, and, in some cases, in the adrenals and spleen.

Histologic examination showed perivascular edema in the lungs, severe
congestion of the bone marrow, rouleaux formation, and the presence of gas
: bubbles in various tissues and organs including the lung, spleen, adrenal

TABLE 11l

Effect of the Combined Amphetamine-Cyprobeptadine
Treatment on Mortality of Obese Mice in Decompression

Sickness
! - Mortality -
%* .
Amphetamine (7.5 mg/kg)
! Experiment plus
No. Controls Cyproheptadine (5 mg/kg)*
1168 87.5(1/8)t 62.5(5/8)
Hnn 100(8/8) 62.5(5/8)
1nn 62.5(5/8) 25.0¢2/8)
1177 85.7(6/T) 37.5(3/5)
Total 26/31(83.8%) 15/29(51.7%)
* Cyproheptadine was administered 15 min afier the amphetamine injec-
tion. t Number of dead animals/total number of animals in group.
| S
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(Fig. 3A), skin, bone, adipose tissue, and less frequently, liver, pancreas, and
heart (Fig. 44). It was not always casy to determine whether the gas bubbles
were intravascular or in tissue spaces. Sometimes serial sections revealed that
bubbles which on coarse examination appeared extravascular, were continuous
with the lumen of a blood vessel. Not infrequently, widely separated nuclei of
flattened endothelial cells were observed around such bubbles. Gas accumula-
tions were particularly numerous in the spleen and adrenals giving these organs
a spongy appearance (Fig. 34).

The above histologic alterations were more frequent and more severe in
control animals than in those treated with amphetamine-cyproheptadine. Sur-
viving animals that were subjected to cuthanasia at intervals after decompres-
sion revealed minimal or no changes (Fig. 3B and 4B).

Amphetamine administered alone did not reduce morbidity or mortality in
DCS. In fact, in one group treated with amphetamine alone, mortality was
higher than in corresponding controls. The number of animals in this group,
however, was not sufficient to allow statistical evaluation of this effect.

- : s
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Fig. 3. A. Adrenal from control animal (subjected to compression-decompression without drug treat-
ment), which died 40 min after decompression. The organ has a sponge-like appearance because of numer-

ous gas bubbles of-varying size focated predominantly in the cortex. B. Corresponding adrenal from
animal treated with amphetamine-cyproheptadine, which was subjected to euthanasia 60 min after de-
compression. Both the cortex and the medulla are free of gas bubbles. (Stained with hemotoxylin and

eosin. Original magnification 7.8 X.)
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Fig. 4. A. Myucardium from a control animal (subjected to compression-decompression witheut drug
treatment) showing intravascular gas bubbles. B. Comesponding tissue from animal that was treated with
amphetamine-cyproheptadine before compression. No gas bubbles are present. (Stained with hematoxy-
lin and cosin. Original magnification 25 X.)

DISCUSSION

The first serics of experiments demonstrated a central depressant effect of
cyproheptadine and dimethothiazine as well as antagonism of this effect by
amphetamine. Evaluation of the depressant or stimulant action of the drugs
was bascd on measurements of spontancous locomotor activity, which is easily
quantitated and expressible in simple units (13). This method obviously does
not measure all the complex behavioral changes produced by compounds with
sedative or excitatory effects. It does, however, provide a consistent mecasure
of an important parameter of psychomotor activity, and it was therefore as-
sumed to reflect with a reasonable degree of rcliability the central depressant
or stimulation action of the drugs. Measurcments of locomotor activity have
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already been used in many studies of behavioral changes induced by a variety
of drugs (14,15).

It is cvident from Figs. 1 and 2 and from Tables 1 and 11 that 7.5 mg/kg
amphctamine sulfate counteracted the depressant effect of 5 mg/kg cyprohepta-
dine and 40 mg/kg dimethothiazine. The doses of the latter drugs were those
which were previously shown to ameliorate DCS (7,8). Consequently, the
combination amphetamine-cyproheptadine in the above doses were used to test
the effectiveness of cyproheptadine in ameliorative DCS when its sedative ac- o
tion is counteracted. : C

The results indicate that the combined amphetamine-cyproheptadine treat-
ment decreased the incidence and severity of clinical manifestation and histo-
logic alterations and reduced mortality by 38.3%, as scen in Table Iil. This
decrease in mortality does not significantly differ from the 44.4% reduction
obtained when the same dose of cyproheptadine was administered alone in pre-
vious studies (16). Because the pharmacologic effects of dimethothiazine are :
similar to those of cyproheptadine, it is reasonable to expect that dimethothia-
zine will also retain the DCS-ameliorating effect when its sedative action is
counteracted. This, however, will remain a speculative extrapolation until fur-
ther experimentation explores the effect of the combined amphetamine-dimeth-
othiazine administration on DCS.

The observations of these investigations leads to the conclusion that the
DCS-ameliorating effect of cyproheptadine, and conceivably of dimethothia-
zine, is independent of the sedative action of the compounds. The observation ' -
that sedation is not responsible for the protection against DCS is consistent
with the reported failure of hypnotics (chloralose) to prevent DCS (10). i

As mentioned earlier, demonstration of the ability of cyproheptadine to
decrease morbidity and mortality in DCS when its central depressant effect is
counteracted is of theoretical as well as practical importance. From a theoreti-
cal point of view, the results of the present investigation suggests that the .
DCS-ameliorating effect of cyproheptadine is related to its activity against bra-
dykinin, histamine, and serotonin rather than to the central depressant action of
the compound. This in tumn supports the previously proposed implication of >
smooth muscle stimulating substances in the pathogenesis of DCS (1-7). The
practical aspect of the study is related to the obvious problems with the use of
*  DCS-ameliorating drugs that produce sedation and drowsiness. Such effects

could impair performance of divers and compressed air workers and, in ex-
treme situations, jeopardize their missions and even their safety. Elimination
of the undesirable sedative effect of cyproheptadine and dimethothiazine by the
use of psychomotor stimulants, such as amphetamine, alleviates these difficul-
ties and provides an attractive and promising pharmacologic approach for the
amelioration of DCS in humans.
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ANIMAL MODEL OF HUMAN DISEASE

Dysbaric Osteonecrosis

! Dysbaric Osteonecrosis in Mice

C. CHRYSSANTHOU, MD Depariment of Pathology, Beth Israel Medical Center, and
Department of Pathology, Mount Sinai School of Medicine,
City University of New York, New York, NY 10003

DYSBARIC OSTEONECROSIS, a potentially disa- granular debris (Figure 1) and sometimes fragments of
bling disorder, has recently been recognized as a ma- necrotic bone. Several microracks (fissures) are seen
jor hazard in divers and compressed-air workers. The between lamellas, usually extending to the surface of
incidence of the disease ranges from 4% in Royal the trabeculas (Figure 1), occasionally resulting in tis-
Navy Divers' to 50-60% in Japanese diving fisher- sue fragmentation. In some cases necrotic epiphyseal
men.>™* The etiology and pathogenesis of dysbaric os- trabeculas appear fractured, and occasionally col-
teonecrosis are still obscure.* An animal mode! could lapse of the articular surface is observed. In other
be very helpful in improving our understanding of cases there is erosion of the articular cartilage and of

causative and predisposing factors and in the develop- the subjacent bone of the epiphysis with formation of
ment of preventive, diagnostic, and therapeutic proce- concave defects, sometimes associated with epiphys-
dures. The hereditary obese hyperglycemic mouse de- eal collapse.* At later stages fibrovascular tissue in-
velops dysbarism-induced bone necrosis that closely vades intertrabecular spaces and replaces necrotic
parallels human dysbaric osteonecrosis. marrow (Figure 2). Sometimes vascular connective tis-

sue showing evidence of osteoclastic activity can be
seen surrounding partially resorbed bone fragments.*
Appositional new bone formation is observed in only

Hereditarily obese hyperglycemic CS7BL 76J mice few cases (Figure 2).

(Jackson Memorial Laboratories, Bar Harbor,
Maine) consistently develop dysbaric osteonecrosis
when subjected 10 75 psig (6327 g/sq ¢m) air pressure
for 2-3 hours followed by stage decompression with  Eyjology
stops at 50, 40, 30, 20, and 10 psig for §, 25, 35, 75,
and [20 minutes, respectively.® With this simulated
dive profile, the majority of the animals (about 93%)
do not exhibit clinical signs of decompression sick-
ness.

Histologic evidence of osteonecrosis appears after a
latent period of at least 2 months following dysbaric
exposure. The necrotic le.?lon ".WOIV,CS the spongy tis- Supported by the Office of Naval Rescarch, Department
sue of a part or of the entire epiphysis. In early stages of the Navy, Contract N00014-75-C-0312.
the osteocytes in epiphyseal trabeculas exhibit pykno- Publication sponsored by the Registry of Comparative
sis and karyorrhexis, and the marrow cells show indis- Pathology of the Armed Forces Institute of Pathology and
tinct cellular boundaries and loss of nuclear staining. ~ Supported by Public Health Service Grant RR-00301 from

In more ad d lesions the lacunas in the necrotic the Division of Rescarch Resources, US Department of
n more advanced lesions the jacunas m the necrotic Health, Education and Welfare, under the auspices of Uni-

trabeculas are devoid of osteocytes, and the intertra-  versities Associated for Rescarch and Education in Pathol-
becular marrow spaces contain amorphous masses of ogy, Inc.

Biologic Features

Comparison With Human Disease

Dysbaric osteonecrosis in mice, like the human dis-
ease, is induced by exposure to dysbaric conditions
that do not necessarily produce clinical manifestations
of decompression sickness,

0002-9440/81/0508-0334800.00 © American Association of Pathologists
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Figure 1 —Epiphysis of the proximal end of the tibia of a mouse 5 months atter multiple dysbaric exposures. Note necrotic trabeculas with
microcracks (arrows) and lacunae devoid of osteocytes and the intervening marrow spaces containing granular debris, Normal bone marrow

can be seen in the right portion of the microphotograph. (H&E, x 25)

Latent Period

In both species the necrotic lesion appears after a la-
tent period of at least 2 months; in mice this period can
be 9 months or longer, and in man it can reach several
years.

Distribution

The lesion involves predominantly the epiphysis of
long bones in both the mouse and man; diaphyseal le-
sions, which occur in man, have not been observed in
mice. The distal end of the femur and proximal end of
the tibia is a frequent site in both species. The head of
the femur and humerus on the other hand is common-
ly involved in man, but only rarely in mice. These dif-
ferences in distribution could be due to circulatory pe-
culiarities and differences in postural characteristics
of the two species.

Histopathology

The histologic changes observed in the mouse
model! closely resemble those seen in the human dis-
ease. The similarity is evident both in the development
of the necrotic lesion as well as in the repair process.

Radiology

Osteonecrotic lesions in humans can be diagnosed
by X-rays. No attempts were made to detect lesions in
mice radiofogically because of the minute size of the
structures involved.

Incidence

The magnitude of pressure, frequency of exposure
and rate of decompression affect the incidence in both
man and mice.*%” Obesity predisposes mice to the
disease, and there are indications that it may have
similar effects in man.*¢*° The rate of compression
influences the incidence of osteonecrosis in mice.**
The effect of this factor in man has not been explored.

Usefulness of the Model

The mouse model is suitable for studies on the etiol-
ogy, pathogenesis, and prevention of dysbaric osteo-
necrosis because, as in the human disease, the lesion is
induced by dysbarism and not caused by artificially
produced ischemia, as in some other models.** "' Fur-
thermore, unlike other animal models, a large number
of mice can be subjected to compression/decompres-
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Figure 2—Epiphyseal lesion in the proximal end of the tibia 10 months after hyperbaric exposure. Necrotic trabeculas and subchondial bone
with empty lacunas are evident. New appositicnal bone with lacunas containing osteocytes is sharply demarcated from the adjacent necrotic
tissue t/ef). The vascular connective tissue which has replaced necrotic marrow contains hematopoietic and adipose tissue elements. {H&E.

x 64)

sion simultaneously in the same chamber to ensure ex-
posure of various groups to identical environmental
conditions. This tacilitates controlled experiments on
predisposing tactors (cg, obesity), preventive treat-
ment, and other comparative studies. The large num-
ber of animals that can be used also permits statistical
analysis of the data. The mouse model has been used
for studies on the influence of various factors on the
incidence and latency of dvsbaric osteonecrosis® * and
on bone and cartilage collagen metabolism at various
stages of the lesion and under various conditions*?
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Dysbaric Osteonecrosis

Etiological and Pathogenetic Concepts

CHRYSSANTHOS P, CHRyssaNTHOU, M.D.*

The expanding industry of off shore oil
drilling. the popularity of scuba diving, the
continuing underwater and space exploration
and many other commercial, scientitic and
military activities are responsible for an in-
creasing exposure of man to abnormal pres-
sures. More people than ever before are now
more often subjected to dysbaric conditions,
working longer in compressed air environ-
ments. diving deeper into the seas and flying
higher into the atmosphere.

Exposure to abnormal pressures is asso-
ciated with potential hazards including dys-
baric disorders. One such disorder which may
develop in individuals subjected to changes
in ambient pressure is dysbaric osteonecrosis,
This potentially disabling discase is alarm-
ingly widespread in divers and compressed
atr workers. The incidence of dysbaric osteo-
necrosis varies depending on the conditions
of hyperbaric cxposure. In some groups of
Japanese diving fishermen the incidence
reaches SO-60¢F 2 3o

The relatively high incidence of dysbaric
osteonecrosis, our inability to prevent its

* Associate Director of Pathology. Beth Israel
Medical Center, and Associate Professor of Pathal-
ogy. Mount Sinai School of Medicine of the City
University of New York, New York. New York.

Reprint requests: . Chryssanthou. Department
of Pathology. Beth Israel Medical Center. 10
Nathan D. Perlman Place, New York. N.Y. 10003,

Received: July 25, 1977,

development, and the latency of the lesion
which preciudes carly diagnosis have created
2reat coneern.

No significant progress in the prevention,
diagnosis and management of dyvsbaric osteo-
necrosis can be expected as long as the eti-
otogy and pathogertesis of this condition re-
main obscure. Our knowledge of the role of
various  etiologic and  predisposing  factors
and the sequence of events feading to dys-

. baric bone  necrosis s extremely  limited
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despite a plethora of theories and specula-
tions, Most of the hypotheses on the cti-
ology and pathogenetic mechanisms lack sup-
port by convincing scientific data and are at
best controversial, This uncertainty is in part
due to the absence of a satisfactory experi-
mental model for testing the validity and
significance of the various postulates.

Experimental aseptic bone necrosis was
produced in dogs by subjecting them to
compression—decompression:' in rabbits by
dvsbaric exposure,”* artificial emboli (glass
beads) ™! and lipid embolism:*" in sheep by
severing spectfic vessels:™! and in miniature
swine and mice by exposure to compression~
decompression. !+

There are serious doubts. however, that
the lesions produced in experimental animals
are identical to those observed in man. Fur-
thermore. it is questionable that the disorder
in these animal models has the same etiology

© J. B. Lippincott Compiny
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and pathogenesis as in bumans. Nevertheless.,
this is the only information availuble from
animal studies and although extrapolations
should be made cautiously. certain experi-
mental observations in conjunction with epi-
demiological data could form the basis for
working hypotheses.

There are many fundamental questions
challenging rescarchers. Is dyvsbaric osteone-
crosis associated with decompression  sick-
ness? What is the relative role of the magni-
tude of pressure. duration and frequency of
exposure, rate of compression and decom-
pression and nature of inhaled gases? 1s the
lesion ischemic necrosis? I so, s ischemia
caused by vascular changes, thrombosis or
cmbolization? If embolization is implicated.
what type of emboli are responsible (gas
bubbles. thromboemboli or lipid material)?
Is it one, or multiple pathologic alerations
which fead to the development of the lesion?
Is the gas bubble the single initiator of these
alterations? Are there other ctiologic and
pathogenetic factors related to compression
and. or decompression but independent of
gas bubbles? This communication will at-
tempt to analyze certain ctiological  and
pathogenetic concepts and present relevant
experimental data obtained by the author.

CORRELATION OF DYSBARIC
OSTEONECROSIS WITH
DECOMPRESSION SICKNESS

The association of dysbaric osteonecrosis
with decompression sickness is stll a con-
troversial subject. The question is not moot.
It is relevant to the ctiology and patho-
genesis of dysbaric osteonecrosis and may
have significant practical applications in the
prevention of the lesion.

Statistical data do not support the thesis
that bonc necrosis is associated with a his-
tory of decompression sickness. Surveys on
U.S. Navy divers, and on West Coast tunnel-
ing projects and data collected by the United
Kingdom registry of compressed air workers

fuiled to reveal any significant correlation. . 3
Many victims of decompression sickness do
not develop osteonecrosis, and bone lesions
are detected in - divers and compressed an
workers who had no symptoms of the dis-
case. In fact only 1587 of the US. Nawy
divers with osteonecrosis reported  decom-
pression sickness. ' Furthermore, no corre-
lation was found between the number of de-
compression sickness episades and incidence
of bone lesions.

The results from our experimental studies
are consistent with the above observations,
By sclecting appropriate dive profiles we were
able to produce osteonecrotic  lesions  in
animals which did not ¢xhibit signs of de-
compression sickness ut any time. !

It has been suggested that lack of corre-
lation between decompression sickness and
osteonecrosis may be due to the fact that
individuals with bone lesions may have failed
to report a prior “hit™ because of reluctance
to cnter a recompression chamber or for
other reasons. The argument certainhy does
not apply to experimental animals, and it is
questionable whether it represents o signiti-
cant factor in human statistics.

The assumption  that  dysbaric  osteone-
crosis is independent from  decompression
sickness does not necessarily imply that the
2 conditions have entirely ditferent etiologies
and pathogenctic mechanisms. 1t is gener-
ally accepted that gas bubbles initiate the
chain of reactions which are responsible for
decompression sickness. Gas bubbles could
also initiate changes leading to bone necrosis,
Depending on certain conditions gas bubbles
could trigger cither mechanism or both. In
light of this theory, the frequent occurrence
of dysbaric osteonecrosis without preceding
history of decompression sickness and  the
scemingly conflicting reports of increased in-
cidence of bone lesions in individuals who
suffered  decompression  sickness  are  not
necessarily contradictory.

“Safe” decompression tables are considered
adequate as long as they prevent develop-
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ment of decompression sickness. 1t is con-
ceivable, however, that safe decompression,
while keeping gas-tension levels below those
required to produce acute manifestations of
decompression sickness, may permit super-
saturation  of the long half-time fatty
bone marrow with subseguent bubble forma-
tion. In addition, it is known that gas bub-
bles may be present even after routine
asymptomatic decompression.* These asymp-
tomatic gas bubbles are termed  “silent.”
They may be “silent™ in terms of decom-
pression sickness but not in terms of dysbaric
osteonecrosis.  Showers  of  silent  embolic
bubbles during repeated decompressions have
been implicated in the pathogenesis of bone
lesions, ¢

Harvey-" has stated that the low
tolerance of bone for inert-gas supersatura-
tion. may precipitate development of lesions
(osteonecrotic) when present-day  decom-
pression tables are followed.™ If this is so.
decompression tables may require recalcula-
tion in consideration of the longer half-time
tissues and of the questionable “innocence™
of silent bubbles. In view of the above, it is
apparent that gas bubbles may represent a
common denominator in the ctiologies of de-
compression sickness and dysbaric  osteo-
necrosis.

Although the possibility cannot be ruled
out that development of the 2 conditions may
follow entirely different pathways, it seems
more likely that dysbaric bone lfesions and
decompression sickness share some of the
pathogenetic alterations and initiating factors,

CERTAIN FACTORS INFLUENCING
THE INCIDENCE OF DYSBARIC
OSTEONECROSIS

MAGNITUDE OF PRESSURE
The correlation between the degree of
pressure and the incidence and severity of
bone lesions has been shown both in animal
and human studies. McCallum reported that

s P

Bt

osteonecrosis in caisson workers was directly
related to the degree of pressure and the
number of exposures,* and Kawashima ob-
served a relationship between bone lesions
and diving depth in a study of 268 cases of
osteonecrosis  in Japanese  shell  divers.
These observations are in accord with ex-
perimental data which indicate that, under
controfled conditions, the severity of bone
and joint changes in rabbits is correlated to
the degree of pressure.”*
NUMBER OF EXPOSURES

There are several reports indicating that
the incidence of dysbaric osteonecrosis s
correfated with the number of dysbaric ex-
posures. These communications include the
findings of the Decompression Sickness
Panel of the Medical Rescarch Council
(United Kingdom), studics on Japanese
divers™ and caisson workers,** and data
from animal investigations, " %

Results obtained in our laboratories show
that repcated exposures of mice to dysbaric
conditions not only significantly increases the
incidence of bone lesions but also shortens
the fatent period. With multiple exposures
the incidence of the lesion within 3 months
after the initial exposure was 25°¢. During
the same period following single exposure.
however, no bone abnormalities were de-
tected. !

Multiple exposures may have cumulative
cffects. Harvey considers repeated showers
of silent bubbles more important in the de-
velopment of bone lesions than a single
insult.?? It is possible that with a single cpi-
sode the affected arca of the bone is too
small to be detected or the healing is so per-
fect that restituted necrotic tissues reveal
no evidence of prior damage. Subsequent in-
farctions. on the other hand, may cither re-
sult in coalescence of minute lesions or cause
further circulatory impairment and thus pre-
vent healing. These possibilities were con-
sidered by Jones in reference to single and
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multiple episodes of fat embohization.-- It
is also conceivable that gas micronuclei re-
maining after the inital exposure may precipi-
tate bubble formation in subsequent expo-
sures at fower levels of gas supersaturation.

COMPRISSION AND DECOMPRESSION
SCHEDULES

In assessing the effect of ditferent decom-
pression profiles on the incidence of dys-
baric osteonecrosis. several factors have to
be taken into account, including the magni-
tude of pressure, duration of exposure (work
schedules)  and  type  of  decompression
(oxygen or air inhalation). Although no
specific studies were reported where ditferent
decompression profiles were compared, with
all other variables being the samel it seems
that the rate of decompression does influence
the incidence of bone lesions. This is cvident,
for example. when one compares the high
incidence  of osteonecrosis  in compressed
air workers in the U.S. before 1963, when
inadequate decompression tables were used.
with the dramatic reduction in the ncidence
of the disorder after the Washington State
tables  with extended  decompression  time
were adopted.t- ¢

We recently reported what we believe to
be the first study on the influcnce of the rate
of compression on the development of bone
lesions.! This work revealed that the rate ot
compression appreciably affects the incidence
of bone lesions under otherwise identical
experimental conditions. In a total of 57
mice subjected to rapid compression 27 de-
veloped osteonecrosis (47.37¢) while in 34
animals subjected to stage compression only
8 had bone lesions (23.5/ ). It is premature
to speculate on the mechanism of this ceffect
based on a single observation. Nevertheless,
it is tempting to consider the possible role of
gas-induced osmosis, which may be influ-
enced by the rate of compression and has
been implicated in the pathogenesis of osteo-

necrosis.?* Assessment of the possible role of
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the rate of compression in dysbaric phenom-
ena v amportant and  requires further
v estigations.,

OBtsity

Our experimental studies revealed a strik-
ing ditference in susceptibibity 1o dysbaric
osteoneerosis between obese and thin mice. !
Under adentical experimental conditions the
incidence of dysbaric bone necrosis in ani-
mals with an average weight of 24, 54 and
TR was 58,263 and 38,6« respectively.
Obesity pot only increased the incidence of
osteonecrosis but also shortened the latent
period.

The increased susceptibility of obese mice
to dysbaric osteonecrosis may be refated to
the higher content of fat in their bone mar-
row and the high solubility of nitrogen in
fat. Exchange of nitrogen in the fatty bone
marrow proceeds slowly and decompression
could cause great supersaturation of the gas
in this tissue with the potential of generating
was bubbles over refatively long periods of
time. Such extravascular gas bubbles released
from fatty elements of the bone could. within
the rigid confines of the osseous tissue. exert
suflicient pressure 1o compress blood vessels
and cause ischemic changes. Initially extra-
vascular gas bubbles would affeet veins which
dre more susceptible to compression, thus
resulting in stasis, The observed congestion
and hemorrhagic foct in the bone marrow
of animals which died within 48 hours post-
decompression! are  consistent  with  this
hypothesis, Another factor to be considered
is that obese mice have fatty livers. [t has
been suggested that the fatty liver is capable
of spontancoushy  releasing  embolic  fat
globules into the circulation.*7

Obesity and hyperlipidemia have been con-
sidered predisposing factors in nondysbaric
aseptic bone necrosis.™* Conti advises that be-
cause of an apparent relationship between
hyperfipidemia and osteonecrosis, no  indi-
vidual with such a condition should be per-

rry

-
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TABLE 1.

Dysbaric Osteonecrosis

Friological and Pathogenctic Factory

Ischemic Changes

I:'mﬁul ic o

Non-Ivchenue Changes

Non-Embolic

Gas bubbles

Lipid material

Intravascular bubbles
tobstructing lumen)

Thromboemboli
(fibrin. platelets, ¢tc.)

Intimal thickening
tnarrowing of lumen)

Thrombosis

Extravascular bubbles
(compressing vessel)

Autoimmunity and disproteinemia

Elevated PO.
(toxic changes in bone)
Calterations in collagen)

Gaus-induced osmotic
shitt of fluids

Vasoactive substances

mitted to dive.!” Caution regarding exposure
of obese individuals to dysbaric conditions
may also be advisable until more information
from clinical observations becomes available.

ETIOLOGIC AND PATHOGENETIC
FACTORS

In order to somewhat simplify our review
of the numerous and diverse ctiologic and
pathogenetic concepts that have been ad-
vanced in reference to the development of
dysbaric osteonccrosis we arbitrarily listed
the most important of the various implicated
alterations under the headings of ischemic
(embolic and nonembolic) and nonischemic
changes (Table 1). Furthermore we at-
tempted to present a comprehensive sc-
guence of events that could lead to bone
necrosis by charting the suggested alterations
in distinct pathways and indicating interac-
tions and overlapping chain reactions (Fig. 1).

ISCHEMIC CHANGES

Most authors agree that dysbaric osteo-
necrosis represents an ischemic lesion. The
controversy begins when the mechanism of
ischemia is considered. [s it embolization or
nonembolic changes? What is the nature and
origin of the ecmbolic material?

Embolization. Intravascular gas bubbles.
lipid particles. and thrombotic materiad can
all conceivably produce embolization. Bone
necrosis has been produced experimentally
by embolic obstruction of blood vessels us-
ing lipid particles. glass beads and other
artificial embofi.i” -7

Many investigators consider embolization
by gas bubbles a major factor in dysbaric
osteoneerosis, It iy an established fact that
gas bubbles ure present in the vascufar svs-
tem despite the use of standard decompres-
sion  protiles.  Furthermore  intravascular
bubbles have been detected cven after asymp-
tomatic decompression (sifent bubbies).* The
presence of gas bubbles has been detected
by Doppler ultrasonic monitors and other
devices. 7 Intravascular gas bubbles have
also been observed by hght and clectron
microscopy  of various organs and  tissues
including bone.*  Some authors question
whether round empty spaces always represent
gas bubbles. To a certain extent their doubts
arc justified even though there are several
criteria which help identify gas bubbles (nega-
ive fat stains, deformity and evideace of
pressure in structures surrounding the empty
space. elc.).

3
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COMPRESSION — DECOMPRESSION

INCRASED #0, INTRAVASCULAR GAS-SUBILES EXTRAVASCULAR GAS-BUBILES ;mmn.u:\ ou;onc proi
OF FLLIDS
$LOOD/BUSSLE INTERFACE ACTIVITY DISRUPTION  DISPTION  COMPRESSION
%;:"v OF Q‘LI.S OF VESELS
PROTEIN DENATURATION mlaﬂ :'w‘
INZY‘(!
SeioN  AGGMGMION  aacwaation Drsmwmon. | mackenme | [ Sioacn
AGENTS
CLOTING l/ RELEASE AND
COALE SCENCE
OF LDS
N\ |
It B EMBOLIZATION
L i VASCULAR OCCLUSION
TOXIC CHANGES '5‘{:“
s Ainiavions - [ecoss] &
IN COLLAGEN

Fi. 1. Propose} ctiologic factors and suggested pathogenetic mechanisms  in  dysbaric
osteonecrosis.

In gencral it seems that there is little doubt periods of time {following decompression.
that intravascular gas bubbles are formed not This could sustain obstructing gas bubbles
only in cases of inadequate decompression  for sufficient time to produce ischemic
but also following standard “safe™ proce-  changes.
dures. What is questionable, however, is not Whether or not intravascular gas bubbles
so much the presence of gas bubbles in blood will produce detectable ischemic changes is
vessels but rather the ability of those bubbles  determined by several factors: type of tissue,
to cause sufficient ischemia to produce bone duration of obstruction, size of the affected
lesions. Arterial air cmbolism in the hind  area. vascularization of the affected area.
legs of dogs and exposure of animals to dys- extent of repair, erc. It is reasonable to ex-
baric conditions that generated intravascular  pect that fatty marrow with its long half-time
gas bubbles in bones failed to produce osteo-  and inadequate collateral circulation would
necrosis.!s 21 2% It has been suggested that  favor production of detectable ischemic
vascular obstruction by nitrogen gas bubbles  changes by gas bubbles particularly if sus-
is only temporary, until gascous emboli  tained or repeated insults increase the size
either pass through the capillary bed or are of the affected arca and interfere with heal-
dissolved in the blood.?” This, of course, de-  ing processes.
pends, among other factors, on the size of Inadequate vascularization of certain areas
the bubble and the relative nitrogen satura-  in bones may be an important predisposing
tion of tissue and blood. It was mentioned  factor. End-arteries which favor ¢mbolic
carlier that fatty marrow is a “slow” tissuc  occlusion' are present under open epiphy-
which can remain supersaturated for long  scal plates and articular cartilages. which

222
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probably explains the frequent occurrence of
metaphyseal and subchondral bone necro-
sis.?7 Poor arterial supply of the femoral head
in rabbits has been cited as the reason for the
case by which ischemic lesions were pro-
duced by injection of embolic particles. '
Vascular obstruction by fat emboli is an-
other controversial question. Some  authors
consider fat embolization an important ctio-
logic factor:" -7 others have voiced the op-
posite  view.** Jones, ¢r al. succeeded in
producing intraosseous  fut  embolization-"
and osteonecrosis in the femoral heads or
rabbits by a single infusion of lipid material
into the distal gorta.” I indeed fat emboli
are involved in the pathogenesis of dysbaric
osteonecrosis, we are still feft with the un-
settled guestion of  their origin. Figure |
indicates 2 sources of embolic fat particles:
fatty tissue disrupted by expanding gas bub-
bles and lipid derived from lipoprotems. The
presence of gas bubbles in the fatty bone
marrow and in adipose tissue following rapid
decompression has been demonstrated by
several anvestigators. S Sinee adipose
tssue and bone marrow are “slow™ tissues.
supersaturation  of  dissolved  nitrogen  can
occur even at gas-tension levels which pro-
duce no symptoms of decompression sick-
ness. It s conceivable, therefore, that even
under conditions of “safe”™ decompression.
gas bubbles may be generated in these tissues.
These bubbles could cause disruption of fat
cells and introduction of potentially embolic
lipid material into the circulation. Detection
of marrow fragments in pulmonary vesscls
tends to support this hypothesis.”7 Additional
support derives from the observation  that
obesc animals with excessive amounts of
adipose tissue and fatty marrow arc signifi-
cantlv rore susceptible to dysbaric osteo-
necrosis than their thin littermates.™ Pauley
and Cockett suggested that expanding gas
bubbles may cause liver injury resulting in
alteration of the stability of lipids with sub-
sequent extrusion of unstable fats and tfor-

mation of emboli. ™ Embolic lipid particles
can also be formed by coalescence and ad
hesion of plasma lipids 10 the blood-gas
inerface. ™ Another possible sequence ot
cvents involves denaturation of plasma lipo-
prowins by blood-bubble interface activits.
release of the lipid movity. coalescenee of the
liberated lipid and  formation of  embolic
particles  (Fig. ). This coneept of lipid
emboli formation following gas-induced dis-
ruption of fipoprotein linkages is supported
by interesting observations related o extra-
corporeal kidney pertusion. Such a procedure
utihzing o pulsatile: pump and  membrane
oxy genator resulted ninjury of the isolated
hidney from lipid embolization. However.
preliminary denaturation of plasma protein
to remove hpud. prevented embolic injury to
the kidney.-

In vuro experiments currently conducted
in our laboratories further support the hy-
pothests of bubble-induced lipid alterations
In these experiments, pooled human plasma
or serum is bubbled with air at o rate of S-10
ml minute for 30-60 minutes at 37 . A
control sample from the same poolked ma-
tertal is subjected to identical  conditions
except for the introduction of air bubbles
into the sample. The experimental and con-
trol samples are then passed through micro-
porous filters of varying pore size, After
filtration is completed the filters are dried
and stained with reagents for lipids. In addi-
tion chemical determinations of various lipids
are performed in the samples before and after
fltration.  Preliminary - experiments  suggest
thut bubbling of scrum with air induces the
formation of lipid particles which are re-
tained by a LOpm and. to a lesser extent,
by i 5.0 .m. pore size filer!

Ischemic bone changes due to emboliza-
tion by thrombotic material is another possi-
bility that merits consideration. Figure 1 pre-
sents some of the pathways that may lead to
thromboembolism. There are several changes
in dysbaric disorders which can trigger the
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coagulation mechanism or provide conditions
favoring thrombus production. The initiating
event is again the gas bubble. The blood-
bubble interfuce may interact with proteins,
lipids and formed clements of the blood re-
sulting in adhesion and aggregation of throm-
bocyvtes, clumping of erythrocytes and co-
alescence and adhesion of plasma lipids.”
Clumping of red blood cells was considered
a secondary complicating factor in decom-
pression sickness as carly as 1938 The
reported denaturation of proteins as @ result
of gas-liquid interface activity™ led to in-
vestigations suggesting that gas bubbles acti-
vate the Hageman factor,”™ ' thus triggering
the coagulation mechanism.  Disseminated
intravasculur coagulation associated with a
tull in the circulating thrombocyvte count has
been thought to play an important role in
decompression sickness. ' In addition to the
above alterations,  decompression-induced
hemoconcentration and sluggishness of the
blood (Fig. 1) could also favor coagulation.
Once tibrin and platelet thrombi are formed,
it is not an unusual complication for this
thrombotic  material  to
cmboli.

Most of the above mientioned hematologic
alterations are  bubble-induced.  Thercfore.
they could also be implicated in the patho-
gencsis of dysbaric osteonccrosis even in the
absence of a history of decompression sick-
ness, since asymptomatic  (silent) bubbles
can also initiate such blood changes.*® Fail-
ure, however, to prevent development of bone
lesions by anticoagulants and platelet func-
tion inhibitors*® ¥ casts some doubts on
thromboembolism as a pathogenetic factor
in ostconccrosis,

Nonembolic ischemic changes. The vari-
ous nonembolic alterations that could causc
ischemia are listed in Table 1. Extravascular
gas bubbles released during decompression
from the supersaturated fatty elements of the
bone marrow could compress blood vessels
and impair tissue perfusion. As mentioned

detach and form

carlier, it is conceivable that within the rigid
contines of the osscous tissue gas bubbles
may build up sufficient pressure to reduce
blood flow 1n intraosscous vessels or even
cause complete obstruction. The presence of
thrombotic or embolic material. as well as
pre-existing stenotic intimal changes. could,
in combination with extravascular pressure,
produce more severe vascular occlusion.

Obstruction of intraosscous blood vessels
by autochthonous gas bubbles and thrombi
needs no further claboration since specific
conditions  regarding  bubble formation in
bones and mechanisms of decompression-
induced clotting and platelet  aggregation
have alrcady been dealt with.

Ischemic changes can also be caused by
stenotic vascular changes. Light and clectron
microscopic studies on long bones in minia-
ture swines revealed that intravascular gas
bubbles cause arterial injury. Intimal thick-
cning and myointimal cell proliferation fol-
lows such injury with consequent narrowing
of the vessel lumen. ™ These changes pre-
dispose to thrombosis which could uggravate
the circulatory impairment.

Since it has been reported that vasoactive
substances are released or activated as a result
of gas-blood interactions,” 1= 1 the possibil-
ity of vasomotor changes playving at least 2
contributory role in ischemic changes should
be borne in mind. Supporting this view is
the observation that intraarterial adminis-
tration of vasodilator substances causes
redistribution of biood flow in the limb by
increasing the flow through the muscles at the
expense of that through the bone marrow -
This decrease of blood flow could also inten-
sify the effects of extravascular compression
or of vascular obstruction by thrombotic and
embolic material.

NONISCHEMIC CHANGES

All of the previously discussed hypotheses
concern ischemic changes, with the gas bub-
ble as the protagonist causing directly or in-
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directly circulatory impairment. Alternatively,
there is, however, the possibility that factors
other than, or in addition to, ischemia and
gas bubble related events may play signifi-
cant pathogenetic roles. In this regard a
number of interesting concepts  deserve
attention.

Gas-induced osmotic shift of fluids. 1t has
been suggested that gas-concentration gradi-
ents resulting from rapid pressure changes
can produce osmotic changes and fluid shifts
that could contribute to the production of
bone lesions.* Consequently, the rate of
compression becomes a factor that may in-
fluence the development of bone changes.
Supporting this hypothesis is our previously
mentioned finding that. with rapid compres-
sion, the incidence of dysbaric osteonecrosis
is higher than with stage compression.! In
this connection it has also been reported that
the severity and frequency of hyperbaric
arthralgia are reduced in divers subjected to
slow compression rates: gas-induced osmosis
was implicated in this phenomenon as well.®

Increased PO, Toxic effects from in-
creased oxygen tension in hyperbaric environ-
ments have also been implicated in  the
pathogenesis of bone lesions. Long exposures
of divers and compressed air workers to
hyperoxia may cause collagen modification
as it has been observed in in vitro experi-
ments.** Such modification of bone collagen,
including loss of its ability to tolerate twist-
ing and extension, could result in osteo-
necrosis.

Awroimmunity.  Another speculation on
the pathogenesis of dysbaric osteonecrosis
implicates altered immunity and dyspro-
teincmia. This hypothesis of an autoimmune
process is based on the latency of bone
lesions and on the observation of rouleaux
formation, amyloidosis and long delayed
membranous  glomerulitis in some animals
with dysbaric osteconecrosis.*

FACTORS AFFECTING THE SUS-
CEPTIBILITY OF BONE TO
DYSBARIC NECROSIS

The various pathogenetic mechanisms of
dysbaric osteonecrosis which have been re-
viewed implicate many reactions which are
svstemic. One wonders then, why s bone
the only site that manifests the effects of
widespread alterations”? Why does only bone
suffer from hemostatic and rheologic changes
induced by compression~decompression?
How can we explain selective infarction of
bone when gas bubbles and thrombi could be
formed in any vessel, and lipid particles
and other embolic material. once they pass
into the systemic circulation, could obstruct
vessels in virtually any organ.

“Srow™ TISSUE

To begin with. not all of the changes which
may contribute to bone lesions are systemic.
It was mentioned earlier that gas exchange
in the fanty marrow proceeds at different rates
than in other tissues and that decompression
could cause great supersaturation of this
“slow™ tissue. Because of this and of the low
tolcrance of bone for inert gas supersatura-
tion, injury can be afflicted upon this tissue
by decompression profiles that do not affect
other tissues and organs. Inert gas super-
saturation in bone may persist for long
periods of time. resulting in gencration and
growth of gas bubbles capable of compress-
ing or occluding intraosscous blood vessels.

RiGIn TISSUE

It is questionable that extravascular bub-
bles in elastic and compressible tissues can
build sufficient pressure to cause circulatory
impairment. In the rigid compartments of
the bone. however, evolving extravascular
gas bubbles might compress intraosseous
vessels to a degree that could cause ob-
struction.
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POOR VASCULARIZATION

Certain segments of the long bones may
be more vulnerable to ischemic chinges be-
cause of relatively poor vascularization. In
previous paragraphs. it was mentioned that
the arteries supplying subchondral and meta-
physcal arcas are thought to be terminal.
Such end-arteries fuvor production of em-
bolic injury.

DECREASED Bioop Frow

Redistribution of blood flow in the ex-
tremitics in favor of muscles, as a result of
the action of vasoactive substances. may
produce a critical reduction in bone per-
fusion, particularly in the presence of other
circulatory impairments. It has been sug-
gested that vasoactive substances are released
or activated as a result of blood-bubble inter-

actions  or  through  other  mechanisms,
LA E SN L )

URrantear 238 AND MICRONUCLED

Since gas bubbles appear to be directly or
indirectly involved in the pathophysiologic
alterations that lead to bone necrosis, con-
ditions which favor bubble formation in the
bones could play a primary role in the
peculiar bone susceptibility. We have already
suggested that the long half-time of the fatty
marrow is such a condition. Another in-
triguing hypothesis™ deals with the role of
uranium 238, an isotope present in the body.
Formation of gas bubbles requires micro-
nuclei. The energy decay of Ui may result
in the formation of micronuclei which could
cause precipitation of gas bubbles. The inter-
esting aspect of this hvpothesis is that this
isotope appears to be concentrated  prin-
cipally at the ends of the long bones which
are the usual sites of dysbaric osteonecrosis.

CONCLUSIONS

Dysbaric ostconecrosis appears to be in-
dependent of decompression sickness but the

2 conditions may share ctiologic and patho-
genetic factors. The incidence of bone necro-
sis is influenced by the magnitude of pressure.,
number of dysbaric exposures, decompres-
sion profile. and possibly by the rate of com-
pression. Obesity iy also suggested as a pre-
disposing factor.

The ctiology and pathogenesis of dysbaric
osteonecrosts are still unclear. Most authors
agree that the lesion is ischemic. The gas
bubble plavs u primary role causing ischemia
cither by direct vascular obstruction or by
initiating a sequence of events that lead to
circulatory impairment. These cvents  that
can also be  triggered by asymptomatic
(“silent”™) bubbles include thrombosis, plate-
let aggregation, embolization by bubbles,
lipid particles and other embolic material,
rheologic changes. redistribution of  blood
flow and injury of vessels with consequent
arterial narrowing. It is conceivable that sev-
cril of these factors act in concert or in se-
quence. Nonischemic mechanisms, such as
gas-induced osmotic shift of fluids, hvperoxic
mjury. erc., also deserve attention thougi
they are highly speculative.

The peculiar susceptibility of the bone 1o
necrotic lesions may be related to a number
of conditions. The fatty bone marrow is a
“slow™ tissue which may remain  super-
saturated and cause formation of injurious
gas bubbles, following decompression profiles
that lcave other tissues unaffected, Gas bub-
bles have more devastating effects in the rigid
confines of the bone than in soft tissues.
Uranium 238, which is concentrated in
bones, may be responsible for the formation
of micronuclei which promote formation of
gas bubbles, End-arteries in certain parts ot
the bone may contribute to the vulnerability
of the tissue to the effects of vascular
obstruction.

There is little doubt that most of the
above statements tepresent only  tentative
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conclusions. Many  of the  ctologic  and
i pathogenetic concepts presented are specula-
! tive and controversial. There are several
{ promising possibilities which are inadequately
' explored and until further research vields
conclusive evidence, the causes and patho-
genesis of dyvsbaric osteonecerosis will remain
a challenging enigma.

SUMMARY

Dysbaric osteoncecrosis appears to be inde-
pendent of decompression sickness. The 2
conditions, however, may share etiologic and
pathogenetic factors. The incidence of osteo-
necrosis s influenced by the number of
hyperbaric exposures, extent of pressure, de-
compression profile and possibly by the rate
of compression and  degrec  of obesity.
Though ctiology and pathogenesis are un-
clear, osteonecrosis is probably due to ische-
mia. with gas bubbles causing direct or in-
direct circulatory impairment. /n vitro experi-
ments, as well as human and animal studies.
suggest multiple pathogenctic mechanisms:
intrgosseous  vessel compression by eatra-
vascular bubbles: vessel obstruction by bub-
bles, fibrin  thrombi. platelet  aggregates.
clumped ervthrocytes or coalesced  lipids:
and narrowing of arterial lumina by bubblie-
induced myointimal thickening. Obstructing
materials, whether autochthonous or embolic.
may result from blood-bubble interface re-
actions. Rheologic changes and blood flow
redistribution could play contributing roles.
It secems likely that multiple pathogenetic
factors act in concert or scquentially. Pro-
posed nonischemic changes. such as hyvper-
oxic injury. gas-induced osmosis, or auto-
immunity, lack suflicient supporting cvidence.
The peculiar vulnerability of bone may be
related to gas supersaturation of the fatty
marrow; sensitivity to extravascular gas pres-
sure because of tissue rigidity: poor vascu-
larization; and the presence of uranium 238
which promotes nucleation and subsequent
gas bubble formation.
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Dysharie osteoneerosis in mice

C. P CHRYSSANTHOU
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Chiysanthou, €0 Po 1976, Dysbanic osteonecrosis i mice, U ndersea Biomed. Res 32y
67-583, The histopathology ot dysbaric osteonecrosis and the antluence of the number ol
Saposures, conpression rate. and obesity on the inaidence and barency af the desion were studied in
338 mice £2305 bones were examined), The ammuals were subjected to 75 psic ar pressure tor 2-6
hours tsingle or multiple exposures), Compression was rapid or staze Decompression was sdfe,
Osteonecrosis developed m the epiphy sis of the tibia and or feinur in 341 of abese and i 5.8
ot thin animals atter a fatent period of 2 to atleast 12 months, Tt was concluded that: 1 dysbanc
asteonecrosts appears ta be independent of decompression sickness: 2, in obose mice the incidence
is higher and the latent period shorter: 3. multiple exposures result in higher incidence and carlier
lesions than single exposure; 4. the incidence is fower with stage than with pid compression. §.
the pathogenesis of osteonecrosis may  imvolve several factors foirculaiory mparment by
extravascular or intravascular bubbles, emboli, thrombi, vasoactive substanees, gas-induced osmosis,
AuTBImMMuUnIty b acting I coneert or in seduence.

dy sharism ischemia abesity

bone ONIOSIS COMpression rate
bubbles tat embolism repetitive diving
histopathology susceptibitity pathogenesis

aseptic bone necrosis

Dysbaric osteonecrosis has recently been recognized as a major hazard in individuals
subjected to large changes in ambient pressure. The latest statistics leave little doubt that this
potentially disahling disorder is alarmingly widespread in divers and compressed-air workers.
The incidence of the disease determined in relatively extensive surveys ranges from 47 in
Royal Navy divers (Elliott and Harrison 1970} to 50-607 in Japanese diving fishermen
(Kawashima, Torisu, Hayashi, and Kamo 1973: Ohta and Matsunaga 1974). This wide
variation in the incidence can be attributed to the difference in the conditions of dysbaric
exposure. Certain factors such as degree of pressure, duration of exposure, rate of
decompression, and frequency of exposure are known to intluernice the incidence of the
Jesion. The effect of other factors, including rate of compression and obesity, remains to be
assessed. In addition it remains to be determined whether the latent bone lesions are
associated with acute manifestations of decompression sickness. Such uncertainties in our
understanding of dysbaric osteonecrosis reflect our ignorance of the etiology and
pathogenesis of the disorder.
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An animal maodel tor dyshane osteonecrosis could provide some answers ta these
important questions. (e would enable one to evaluate the snluence of vaneas tactarns on the
meidence, seventy, and lateney ot the leston under contooled expernmental conditions,
Futthermore, an animal model could be used tor studies onthe eniologs and pathogenesis as
well as on the prevention and treatment ot the disease,

Dysbaric osteonecrosts has been expenmentally produced i severd animal species
including mice (Antopol, Kalberer. Kooperstem, and Chisy ssanthou 1904y, pabbias ¢Horvath
and Vizkelety 1973) and muntature swine (Snuth and Stegall 1974). The mouse as a model
for such studies perits Jarge scale expenments to be conducted 10 provide statistieal
vithdation, In addition. farge numbers of animals may be subjected smultaneousty 1o
compression/decompression in the same chamber. thus ensunng exposue 1o identical
environmental conditions.

This report deals with studes on the histopathology ot dy sharic osteonecrosis i nice and
on the miluence of obesity. number of exposines. and riate of compresston on the madence
and latency of the lesion.

DIVE PROFILES FOR RAPID AND STAGE COMPRESSION
OF OBRFSE AND THIN MICE

DEPTH
(PSIG!
o] . I
0 . ’ rA_,_ ‘,_,_J
201 . .
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501
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stage decompression (obese mice)
stage decompress:on {thin mice}
70
| [ S S oo s B ane S S S S o o s e e S e e S S

80 v r=rr-r-rr Y v
[¢] 60 120 180 240 300 360 420 480

EXPOSURE TIME (MINUTES)

Lig. 1. Compression/decompression schedules tor thin and obese mice.
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MATERIAL AND METHODS

A total of 380 male hereditarily obese hyperglycemic mice and their thin siblings were
used. They were obtained trom Juckson Memorial Laboratories. Bar Harbor, Maine. There
were two weight ranges of obese animuls: 38-60 gm (average 54 gm) and 6190 gm (average
78 gm). Thin mice weighed 18-35 gm (average 24 gm). All animals were housed in metal
cuges in animal rooms with controlled temperature (72 + 27 F) and relative humidity (507 )
and were fed Wayne Lab-Blox and water ad libitum. They were kept under these conditions
tor a stabilization period of at least 3 weeks betore they were used.

The animals in each weight range were randomly divided into an experimental group
(subjected to dysbaric conditions) and a contiol group (kept at ambient pressure). Prior to
the initiation of the experiments both control and experimental animals were numbered and
their corresponding weights recorded. The experimental animals were subjected to 75 psig
(6.12 ATA) air pressure for 2-6 hours in a hyperbaric chamber (Bethlehem Corporation Model
1836 HP) with controlled temperature (72 % 2° F) and relative humidity (50°7). Bottom time
for thin mice was longer (4-6 hours) than for obese mice (2-3 hours). Figure 1 shows
the dive protiles employed. Compression for both obese and thin mice was either rapid (1o
40 psig in 30 s, to 75 psig in 60 s) or stage. Stage compression involved stops at 15, 30. 45,
and 60 psig for 10. 20, 10, and 20 min respectively. Decompression was always stage with
stops at 50, 30. 20, and 16 psig for 2. 5, 15, and 30 min respectively for thin mice and at 50,
40, 30. 20. and 10 psig for 5. 25, 35. 75, and 120 min respectively for obese mice. The
animals were subjected to these conditions once (single exposure) or 3-8 times (multiple
exposures) at weekly intervals. Upon reaching surface the animals were immediately
removed from the chamber and observed for signs of decompression sickness (e.g. chokes.
scratching, twitch) for at least 1 hour.

The animals died or were sacriticed at intervals up to 17 mo after initiation of dysbaric
exposure. The bones of the extremities and. in some animals, the sternum were removed and
fixed in 10%% neutral buffered tormalin for at least 3 days. Prior to fixation the soft tissue
surrounding the bone was caretully trimmed off. Following fixation the bones were
decalcified (Omega Decal solution) for a minimum of 24 hours and stored in 80% alcohol
until processing by autotechnicon. The latter process consisted of sequentially treating the
specimen for | hour with each 10°7. 9577, 95%, 957, 957, and 100% alcohol, chloroform,
paraffin (paraplast). and paraffin. The specimens were then embedded, cut (5-6 micron
section). and stained with hematoxylin-eosin,

Bones of animals that died within 24 hours were examined to observe acute histologic
changes but were not included in the statistics of dysbaric osteonecrosis. Also excluded from
the studies were animals that were autolyzed or cannibalized after death as well as those in
which processing of tissue was unsatisfactory. Because of these eliminations the statistical
data of this report are based on 438 animals and a total of 2505 examined bones (Table 1).

In the statistical analysis of the results. the chi square test with Yates correction was used
for comparison of distribution frequencies and the Pearson’s correlation coefficient tor
testing dependence of two variables.

RESULTS

With the dive profiles used in these studies, thin mice did not exhibit apparent clinical
manifestations of decompression sickness except for an occasional animal. In obese mice
signs of decompression sickness were observed in about 7% ot the animals. Mice which
developed decompression sickness usually died within 24 hours after decompression.
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FABLE |

Nuniber of bones listological examined

Compressed Decompressed Controls
Obese Hun Obese Thin Total
| -
bemun ! RIES REA 72 110 876
Libag ‘ Ao 7N 72 110 870
thanerus 19 237 34 406
Steraum Ay 1506 36 44 287
TOTAL R 1140 184 298 2508
| N

HISTOLOGIC FINDINGS

Histologic examination of the bones of animals that died within 3% hours afte
decompression revealed  pronounced  hyperemia ot the bone marow  with occasional
hemorthagic toor (i 2) I addition. gas bubbles were present in the diaphysis und
epiphysis ol the bones, particularly in obese mice. The bubbles appeared as round or oval

clear spaces of vaving size, equaling in a few instances the diameter ot the medullary canal.
Often they were tiregularty shaped, their smooth outline distorted by bony trabeculae
protruding into the bubble (Fig. 3y,

a L

Pig. 2. Tibial bone marrow of o thin mouse. A, Control (not compressed decompressed k. B 38 hours
atter exposure to compression/decompression, Note the marked congestion and  hemorthagie toon,
(Hematonylin-cosin, original magnitication 25.2x )
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Fig. 3. Femoral diaphysis of an obese mouse 40 min after the last of six exposures to
compression/decompression. The large empty spaces are gas bubbles, their spherical or oval shape being
distorted by bony trabeculae. (Hematonylin-cosin, original magnification 25.2x.)

Histologic evidence of osteonecrosis appeared after a period of at least 2 mo following the
initial dysbaric exposure. The necrotic lesion always involved the spongy tissue of a part or
of the entire epiphysis. In early stages of the lesion, the osteocytes in epiphyseal trabeculae
exhibited pyknosis and karyorrhexis and the marrow cells showed indistinct cellular
boundaries and loss of nuclear staining.

In more advanced lesions the lacunae in the necrotic trabeculae were devoid of osteocytes
and the intertrabecular marrow spaces contained amorphous masses of granular debris (Fig.
43 and sometimes fragments of necrotic bone. Haversian canals. whenever they could be
observed in necrotic areas, appeared empty or contained debris from disintegrated tissue.
Several microcracks (fissures) were seen between lamellae, usually extending to the surface
of the trabeculae (Fig. 5) and. in some cases, resulting in tissue fragmentation. A few
microscopic fissures were also seen in control animals with no evidence of osteonecrotic
lesion. thus raising the possibility of artifacts or of alterations unrelated to dysbaric exposure
and making the significance of this finding questionable.

In some cases necrotic epiphyseal trabeculae appeared tractured and occasionally collapse
of the articular surface was observed. In other cases there was erosion of the articular
cartilage and of the subjacent bone of the epiphysis with formation of concave defects.
sometimes associated with epiphyseal collapse (Fig. 6). These alterations of the articular
surface resembled osteoarthritic changes as reported by Sokoloff (1956).

At later stages fibrovascular tissue invaded intertrabecular spaces and replaced necrotic
marrow (Figs. 7 and 8). Sometimes vascular connective tissue showing evidence of
osteoclastic activity could be seen surrounding partially resorbed bone fragments (Fig. 7).
Appositional new bone formation was observed in only few cases. Deposition of new bone
on preexisting necrotic trabeculae resulted in thickening of these structures. Figure 8 shows
new bone formation in apposition to necrotic bone tissue from which it is sharply
demarcated. Figure 8 also shows areas of hematopoietic and adipose tissue clements within
the vascular connective tissue, suggesting reconstitution of the necrotic marrow.
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Fig. 4. Lpiphysis of the proximal end of the tibia of a thin mouse. A. Control (not compressed/
decompressed). B. § mo after multiple exposures to compression (rapid)/decompression. Note the
necrotic trabeculae with empty lacunae and microcracks and the intervening marrow spaces containing
granular debris. Normal bone mamow can be seen in the lower portion of the microphotograph.
(Hematoxylin-cosin, original magnification 25.2x.)

Fig. S. Epiphysis of the proximal
end of the tibia of an obese mouse 4
mo after multiple exposures to rapid
compression/decompression.  Necro-
tic trabeculae exhibit lacunae devoid
of osteocytes and multiple micro-
cracks some of which c¢xtend to the
trabecular surtace. The intertrabec-
ular spaces in the necrotic area con-
tain amorphous masses of granular
debris, (Hematoxylin<osin, original
magnification 25.2x.)
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Lig. 6. Knee joint of an obese
mause 4 moater repeated exposures
W compression  (rapid){decompres-
ston, The epiphysis is collupsed. The
articutar cartilage and the subjacent

cpipliy seal bane are craded with for-
mation of a concave defect. (Hema-
tony linseosin,  original maynification
25.2%.)

be

Fig. 7. Arca in the epiphysis of the provimal end of the tibia ol an obese mouse 11 mo atter
hyperbaric expasure, Note fibrous conncective tissue surrounding fragments of partially resoibed bone. A
few multinucleated osteoclasts can be seen around the necrotic bone, (Hematosylin-cosin, original
magnification 64X.)

INCIDENCE AND LATENT PERIOD

The incidence of dysbharic osteconecrosis was 34,177 in obese gnd 5.87 i thin animals
(Table 2). The lesion was dlso seen in 4 of 46 control obese mice but in none of 45 control
thin animals. Definite osteonecrotic changes became histologically evident after a period of
at Jeast 2 mo following the initial cxposure to compression/decompression. Table 3 shows

that. in a period up to 4 mo after exposure, the incidence was 12.9% in obese and 07 in thin
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Fig. 8. Arca in the epiphysis of the proximal end of the tibia of an obese mouse 10 mo after
hyperbaric exposure, Necrotic trabeculae and subchondral bone with empty lacunae are evident. New
appositional bone with lacunae containing viable osteocytes is sharply demarcated from the adjacent
necrotic tissue (left), The vascular connective tissue which has replaced the necrotic marrow contains
areas with hemotopoietic and adipose tissue elements. (Hematoxylin-eosin, original magnification 64Xx.)

mice. In animals that died or were sacrificed 4 mo after exposure or later. however. the
incidence increased to 47.4% in obese and to 7.4% in thin mice. In fact there was a
significant correlation between incidence and time period following exposure. Figure 9
shows this correlation in obese mice subjected to a single dysbaric exposure. These results
indicate that the post eposure latent period varies—ranging from 2-3 mo to at least 9 mo
inasmuch as the incidence of dysbaric osteonecrosis was higher in the 9-12 mo than in the
6-9 mo period.

DISTRIBUTION

In most cases dysbaric osteonecrosis in mice was observed in the epiphysis of the
proximal end of the tibia bilaterally (387%) or unilaterally (62%). The femur was involved in
some cases, with the lesion usually localized in the distal end. Osteonecrotic changes in the
head of the femur were seen only occasionally. Table 4 shows the distribution of the lesion
in the various bones.

INFLUENCE OF OBESITY

There was a striking difference in the incidence of osteonecrosis between obese mice and
their thin littermates (Table 5). Obesity also influenced the latent period: osteonecrotic
changes appeared earlier in the heavier mice. In animals with an average weight of 78 gm,
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TABIE 2

Incidence of dysbaric osteonecrosis in mice

Compressed/

Decompressed Contiols Prababihty
Obese 3417454/ 158)* 8.7711/40) 00101
Thin j SR11/189) 07 (U/45) NS+

)
*(Number ot animals with lesions/total number of animalts)

T Not significant

TABLE 3

Incidence of dysbaric osteonecrosis in mice in the
carly and late periods following hyperbaric exposure

Type 0-4Mo 4 Mo Probability

or more
Obese 12.9548/62)* 47.97(46/96) P< 001
Thin 0%(0/40) 7.4%(11/149) A<PL2
*(Number of animals with lesions/total number of animals)
TABLE 4
Distribution of osteonecrotic lesions

Tibia (Prox. end) 80.8% (80/99)*

Femur (Total) 15.1% s/

Femur (Head) 3.0 (3/99)

Femur (Dist. end) 12.1% (12/99)

Sternum 2.0% (2/99)

Humerus (Dist. end) 1.0% (1/99)

Hium 1.0% (1/99)

*(Number of specified bones with lesions/total number of bones with lesions)

Y
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20030 ot the lestons appeared within the first 3 mo atter exposwine (Table 6. None of the

mice werghing 34 gmoon Jess developed osteonecrosis dunmg this period.

INFIUVENCE OF THE NUMBER OF EXPOSURES

Obese ammals subjected 10 muduple dysbane exposures had o sigmiticantly highe
nctdence ol dysbane osteonecrosis than anmnals exposed only one time. In thin mice the
number of desions was too small to retlect the possible effect of the number of exposures an
the incidence of vsteontecrasis. The number of exposures also muenced the latent period.
In mice subected o mubtiple exposwes (apid compression). leston incdence within 3 mo
tollowing inttial expostre was 257 In contrast, none of the animals with a single exposure

(rapid compression) developed osteonecrosis within the same period.

INFIUENCE OF THE RATE OF COMPRESSION

The incidence of dysharic osteonecrosis in nuce subjected 1o stage compression, was
stgnificantly lower than in animals exposed 1o aapid compression. Table 8 shows the
respective {requencies of lesions in obese and thin mice subjected to multiple exposures with
rapid o stage compression,

INFLUENCE OF VARIOUS FACTORS IN COMBINATION

In this investigation obesity, rapid compression. and multiple exposwres produced a
statistically significant increase in the incidence of dysbaric osteonecrosis. The combined
eftect of two of these factors was greater than 1thar produced by each of them individually
and a combination of three Tactors influenced the incidence ot the lesion to a greater degree
than any combination of two factors. The eftect of various combinations is compared in Fig.
L0, Incidence of osteonecrosis was lowest (070) in thin mice subjected to stage compression
and highest in obese mice subjected to rapid compression and multiple exposures.

incidence (%)
60-1
504

4OJ

304

20+ r (Pearson's)= 0.986

0.0 (P <0.05

104

0 v A L L]
0-3 3-6 6-9 9-12
Time ofter single exposure (months)

Fig. 9. Correlation of the incidence of dysharic osteonecrosis with postasposure interval in obese mice
subjected toa single compression (rapid) decampression,
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TABLE 5
Influence of obesity on the incidence
of dysbaric osteonecrosis in mice
Type Average Incidence Probability
weight
(g)
Thin 24 SBU(H/189)*
~ P<.001
Obese 54 26.37%7(15/57)
Obese 78 38.64439/101)
*(Number of unim;;Is with lesions/total number of animals) -
TABLE 6
Influence of obesity on the latency
of dysbaric osteonecrosis
I'ype Average o ) ) .
weight Percent ol animals with lesions Probability
(g) 0-3mo > 3Imo
Thin I[ 24 O0/11)* 100(H1/11)
Obese | 54 0(0/15) 100(15/15) 02 P OSH
Obese l 78 20.5(8/39) 79.5(31/39)

* (Number of animals with lesions in period /total number of animals with lesions)
+ Statistical probability of difference in the latency between the 78- g group and the 24- and 54- g groups

combined.
TABLE 7
Influence of the number of hyperbaric exposures on
the incidence of dysbaric osteonecrosis in mice
subjected to rapid compression
Type Single Multiple Probability
exposure exposures
Obese 28.3%(19/67)* 47.37%(27/57) 02< P05
Thin 6.777{6/89) 57%(5/100) N.S.+

*(Number of animals with lesions/total number of animals)
+ Not significant
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TABLE 8

Intluence ol the rate of compression on the
incidence of dysbaric asteoneciosis in mice
with multiple exposuares

Type Rapd Stage Probubihity
compression compression

Obese i 47327 3T 233UN 3 D2~ 108

Thin 7.1 45 70) 07 (0/30) NS.#

S(Number ot animals with testonsytotal number of animais)
7 Not significant

The etfect of obesity can be seen by comparing columns 1, 2, and 3with 4, 3 and o
respectively. Comparison of columns 4 and 6 demonstraies the elfect of compression rate: ot
colunmns 5 and o6, the effect of the number of exposures.

DISCUSSION

The results presented indicate that dyvsbaric osteonecrosis can be experimentally
produced in mice. Diagnosis wus made conservatively. Morphologic changes in usteocytes or
bone marrow cells. although they may represent early manitestations ot a lesion. did not
sutfice by themselves to make a diagnosis of osteonecrosis. Nor did the absence of
osteocytes in lacunae in focal areas constitute adequate evidence of bone necrosis unless it
was associated with other alterations (e.g. necrosis of bone marrow. invasion by fibrovascular
tissue. appositional new bone formation. etc.). 1t is therefore possible that the incidence of
dysbaric osteonecrosis has been underestimated because some lesions mayv have been missed
either in their early phases before they were fully manifested or at late stages because of
almost perfect restitution of necrotic tissues: the larter, however, is not very likely since
creeping substitution was seen only rarely. The fact that reparatory changes were infrequent
is an indication that in most cases there was a severe defect in blood supply. The high
incidence ot lesions in the proximal end of the tibia and the distal end of the femur may be
related to circulatory peculiarities and postural characteristics of the mouse.

None of the control thin mice developed bone necrosis. The occurrence of lesions in four
of the control obese mice could be associated with the obesity. Obesity and hypetlipidemia
have been considered predisposing fuctors in nondysharic aseptic bone necrosis (Conti and
Sciarli 1973: Weltling 1973). Obese mice have a fatty liver and it has been suggested that the
fatty liver is capable of spontancously releasing embolic fat globules into the cireulation
(Owens and Worthington 1962).

In animals subjected to compression/decompression. obesity intluenced the incidence of
osteonecrosis more than any other factor studied in these experiments. It was previousty
reported that the degree of obesity in mice correlates with their susceptibility to




— T

DYSBARIC OSTHONECROSIN IN AMICT 749

decompression sickness (Antopol et al. 1964). These correlations. however. do not mply
that the delayed dysbaric osteonecrosis 1s associated with the scute manitestations ot
decompression sickness. On the contrary. the anmals which developed dvsbaric osteo-
necrosis did not exhibit signs ot decompression sickness. Dyvsbaric osteonecrosts, theretore.
appeats to be independent ol decompression sickness. at least 1 mice. This observanon is
consistent with the well-known fact that delaved bone lesions have heen detected n divers
and compressed-air workers who  did not manifest acute symptoms and  signs of
decompression sickness.

The increased susceptibility of obese mice to dysbaric hone necrosis may be eluted 1o the
high solubility of nitrogen in fat and the higher content of fat in the bone marrow of obese
animals. Fatty bone marrow exchanges nitrogen slowly and decompression could cause great
supersaturation of dissolved gas in this tissue with the potential o generating gus bubbles
over telatively long periods of time. Gas bubbles were seen in the diaphyseal and epiphyseal
marrow of obese mice. even after a period of several days tollowing decompression.

It is tempting to apply the above considerations to a possible explanation of the fact that
dysbaric osteonecrosis can be produced without preceding manifestations of decompression
sickness. Safe decompression tables are considered adequate as long as they prevent
development of decompression sickness. 1t is conceivable. however, that sate decompression.
while keeping gas-tension levels below those required to produce acute manifestations of
decompression sickness. may permit supersaturation of the long halt-time tarty bone martow
with subsequent bubble tormation. In addition. it is known that gas bubbles may be present
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Iig. 10. Influence of obesity, rate of compression, and number of exposures in various combinations
on the incidence of dysbaric osteonccrosis. Factors which were shown to increase the incidence are
underlined. Comparison of the incidences in columns 1,2, and 3 with those in columns 4.5, and 6 shows
the influence of obesity. The effect of the rate of compression is shown when columns 4 and 6 are
compared and the effect of the number of exposures when columns § and 6 are compared.
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cven atter routne sy mptontic decommpression (Bebmke 19671 These v mptomanie gas
bubbles were reterred tooas adent”” They niay be Usident™ e renmns o decompression
sichniess but ot i terms of dysbarie ostecnecrosisg Havey 01973400 bas stated that = e
fow toleranee of Bore for mert s sepesaturation. may preapitate development o fesians
(osteoneciotc) when present dav decompression tables are tollowed ™ TE this as o,
decompression tahles may equne reaaleulation meoconsideration of the Joneer hadi-ume
tissues and the vecurrence of silent bubbles,

Eatravascular was bubhles released frome tarny elements ar the bones could. within the
nerd contines of the osseots isstes exert suticent pressure e conmpress hlood vessels,
Bnnadly thes would artect the vemsowhich are mone suseeptible to pressue. thus resulimg in
stasts. This s consistent with the by peremia and bemorthagie 1o obsenved an the bone
mattow o anunals tat died witinn 48 hows atter decompiession. These cricuiatony
alterations could produce anonte wineh i tarn could preaipitate neciotie bone changes.
Chculators mmpanment und schemia could abso be caused by arrenad obstruction produced
by intravascular bubbles, T s been ieported, however. that only a small percentage of
vessels remans blocked atter gas embobization (Dutt 1934) and artenal an embolism tailed
to produce bone mtaction (Kahhstrom 1939,

These speculations should nor imit pathogenetic considerations 1o the direct eftects of
aus bubbles, Circuluting muogen bubbles could 1ngger o chain of secondary events inctuding
azgregation of platelets and ervthiooy tes, coalescence of unstable ipids and changes m the
coagulation mechanism. Ans one ot these alterations nught result i vascular obstruction and
anonta i the bones. Bt embolization could also resub trom distuption o fatty tissue by
expanding aus bubbles. Expermental production of aseptic bone necrosts by tat embao-
hization tollowmg intraagortic il miusion was recentfy reported by dones. Sahovich, and
Anderson (1974 The possible amplication ot fat embolizauon i the pathogenesis ot
Jy sharic osteonecrosis merits turther exploration. The hypothesis that embolization may be
involved in the mechanism or dysharie osteonecrosts is turther supported by the observation
that introduction ot aruficial emboh (alass beads) o the commaon tliac artery of rabbits
produced femoral osteonecrotic lestons (Walder 1974). Regarding the possible role of
thrombotic material. it should be mentioned that administration ot anticoagulants and
platelet inhibitors in animals did not prevent development ot dy sharic osteonecrosis (Smith
and Stegall 1974),

Blood-gas interface phenomena can result not only in platelet und hipid changes but also
in the release or activation of vasoactive substances (Chrvssanthou 1973: Chryssanthou.
Waskman, and Koutsoyiannis 1974). It is of interest in this respect that intrarterial
admunistration of vasodilator substances causes a redistribution of blood flow in the limb by
increasing the flow through the muscles at the expense of that through the bone mariow
(Semb 1971). This decrease of blood flow could render the bone more vulnerable to
extravascular or intravascular factors that cause ischemia.

In all of the above postulated mechanisms. the protagonist is the gas bubble, which
directly or indirectly causes circulatory impairment. Alternatively there is the possibility
that factors other than, or in addition 10 gas bubble-related events may play a role in the
pathogenesis of dysbaric osteonecrosis. It has been suggested that gas-concentration
gradients resulting trom rapid pressure changes can produice osmotic changes and fluid shitts
that could contribute to the production of bone lesions (Hills 1970). Consequently the rate
of compression becomes a factor that may influence the development of bone changes.
Supporting this hypothesis is our linding that. with rapid compression, the incidence of
dysbaric osteonecrosis is higher than with stage compression. It has also been reported that

v
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the severity and trequency ot by perbane arthialgia are reduced modiners subjected toslow
compression rates and that gas-unduced osmoses s amphcated i they phenomenon (Bradloy
and Vorosmarn 1974) Another speculation on the pathogenesss of dyvshane osteanecronis
unphicates altered mumunity and dy sprotemenng, This By pothesis ol an autonminiune process
1s based on the lateney ot bone festons and on the obsernvanion of rouleaus tormation.
amy loidosis. and Tong delayed membianons glomeiulins m o some ammals with dysbarne

asteonecrosis (Antopol et all 1963 Changes induced by high P oowhich i tum may
miluence development ol osteonecrosis is sull another factor et ments consideration,

ftas evident trom the foregotny discusston that the mechanisin of dy sharic osteonecr o
s stll unclear. The various concepts that have been presented mvolve several diverse
pathogenetie tactors which can be sumnignzed as tollows

1o Factors causing ciculatory impaiment o extravascufar pressure e Dy grownng gus

bubbles): b vincudar obstruction by cwboli (e tat, gas bubblesy ¢ vasoalan
obstruction by thrombote matenad ep, Gbnn. piatelersr o vasadilator substances
cdusing decreased blood low in bones.,

20 Factors not associated with blockade ol blood supply @ vosandiced oot shatt ot
fluids: Ao autoimmunin and dssprotemennia

burther expenmentation and addinionagl chimcal and eprdemtological stadies we needed
betote the relative importance of the postulated pathogenctic tactors can be assessed Tt s
reasonable gt this juncture, howeser, to propose that the pathozenesis ot dysbarnie
osteonecrosty mvalves several ot the gbove mentioned  tactors acting an concert oo
sequence.

The findipgs of ahe present study segardimy the Latenay e the development ot banie
necrosis and the influence of multiple dy sharic exposures are consistent with well-known
obsenvations on human subjects. The influence of obesity and ot the rate ot compression on
the incidence of the discase inman has not vet been established  Although the results of the
present investigation indicating an increased inadence of dysbanc esteonecrosis moobese and
in rapidly compressed animals must be extrapolated with caution, they should diaw
attention to the possible role of these factors in the development ot the teston m humans.

CONCLUSIONS

1. Dysbaric osteonecgosis can be experimentally produced m mice. paracularlym obese
strains,

2. There is a fatent period ranging from 2 to 9 mo or possibly more.

3. In obese mice the incidence is greater and the latent penod shorter than e thin
siblings.

+. With multiple exposures. the incidence is higher and the latent period shorter than
with single exposure.

S, With stage compression. the incidence is lower than with rapid compression.

o, Dysharic osteonecrosis i mice appears to be independent of decompression sickness.

7. The pathogenesis ot dysbaric osteonacrosis may involve several initiating and
contributing factors that act in concert or mw scquence.
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Chry ssanthou, C. P, 1976, Ostéonécrose dysbangue chier la souris, Undersea Bromed. Res. 3(2)
67-83. L'histopathologic de I'ostéonderose dy sbarique et Iintluence du nombre d exposttions, de
la vitesse de compression et de Pobésité sur la fréquence et Ta latence des Besions ont été étudides
ches 438 souris (2,205 os examinds). Les animaux ont subi des pressions de 75 psig pendant 2-6
heures (expositions uniques ou multiplesy, La compression a $¢ soit rapide, soit par paliers: la
décompression a ¢té sans danger. Apres une pértode de latence de 2-12 mors, 34,17 des souns
oheses et 5,87 des souris maigres avaient developpé une ostéonderose épiphy saire tibiale ou
fémorale. Les conclusions suivantes s'impownt. 1. Fostéonéerose apparait indépendente de la
maladic de la décompression: 2. la tréquence de Fostéonderose augmente, ¢t la période de latence
s raccourcit chez les souris obeéses: 3. la fréquence de Mostéonderose augmente et la période de
latence se raccourcit apreés des expositions multiples: 4. la fréquence reste plus restreinte avec une
compression par paliers; 5. la pathogénese de 'ostéonéerose peut impliguer plusicurs facteurs (géne
virculatoire due aus bulles intra- ou extravasculatres, embolics, thromboses, substances vasoactives,
osiose gazeuse, autoimmunité) qui agissent ensemble vu en squence.

dy sbaric chdmie obesité

a8 asmose vitesse de compression
bulles embolic graisseuse plongces répdtées
histopathologie susceptitlité pathogéneése

astéonderose aseptique
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/ Blood-brain and blood-lung barricr alteration by
dysbaric exposure
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Chiyssanthou, C., M. Springer, and S. Lipschitz. 1977. Blood-brain and blood-Jung barrier
alteration by dysharic exposure. Undersea Biomed. Res. 4(2): 117-129.- - Failure of certain cir-
culating substances to penetrate specific organs led to the concept of blood-organ barriers. Such
barriers can be altered by various physical or chemical means. This report concerns modification of
the blood-brain banier (BBB) and blood-lung barrier (BL.B) by dysbaric exposure. Trypan blue was
intravenously administered to 19 experimental rabbits (subjected to compression-decompression)
and to 11 controls (kept at ambient pressure). Gross and microscopic examination and mea-
surements of dye extracted from tissues revealed greater dye penetration into fung and brain of the
experimental animals. Dye concentration in brain was 12.10 ug/g tissue in experimental and 2.93 ug
in control animals; in lungs it was 935 ug and 434 ug, respectively (0.01 > P 0.001). Increased
permeability of BBB and BLB was associated with intravascular bubbles. The mechanism of BBB
and BI.B alteration may involve chemical agents activated by gas-blood interface or vascular injury'
produced by bubbles. These observations could have pathogenetic implications in decompression

IR sickness and may suggest new methods for facilitating penctration of therapeutic agents into the
brain.
blood-organ barriers compression-decompression
trypan blue intravascular bubbles
X R . rabbits . decompression sickness
.- i permeability pathogcnesis

After Goldman (1913) demonstrated the peculiar impermeability of the brain to trypan blue
at the turn of the century, the concept of barriers was advanced to explain the observation that
' certain circulating substances fail to penetrate specific organs or tissues. The presence of the
so-called blood-brain barrier (BBB) has been long established. The relative impermeability of
other organs or tissues to certain drugs, vital dyes, colloids and other substances led to the
postulation of barriers which separate blood from the fetal side of the placenta, the testis, the
interior of the eye, etc. The existence of a blood-lung barrier (BLLB) was proposed to account
for the failure of this organ to stain by intravenously administered chlorophyllin, trypan blue,
and tetrazolium salts (Chryssanthou and Antopol 1961; Chryssanthou and Antopo! 1963).
-- * The permeability of blood-organ barriers can be allered by various chemical and physical
means. Venoms, allergic agents, bacterial products, bile salts, artificially induced scizures,
X-irradiation and gas cmbolization have been reported to alter the BBB (Bouton 1940;
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Bjerner, Broman, and Swensson 1944; Broman and Lindberg-Broman .1945; Broman 1949;
Clemente and Holst 1954; Eckman, King, and Brunson 1958; Johansson™ 1975) and bradykinin
and bacterial endotoxins were shown to increase permeability of the BLB (Chryssanthou and
Antopol 1961; Chryssunthou und Antopol 1963).

The present study is, to our knowledge, the first report concerning alterations of the BBB
uand BLB induced by exposure to dysbaric conditions.

MATERIALS

Albino female rabbits weighing 3-4 kg were employed. They were housed in metal cages in
animal rooms with controlied temperature (65°-68° F) and relative humidity (5052) and were
fed Purina Rabbit Chow and water ad libitum. The anials were kept under these conditions
for a stabilization period of at least two weeks before they were used.

A hyperbaric chamber (Bethlchem Corporation, Model 1835 HP) with controlled tempera-
ture and relative humidity was utilized. The chamber was pressurized with air (dry air cylin-
ders, Matheson Company, Inc.). Solutions of 1000 wml sodium heparin (Upjohn Company)
and of 2% trypan blue (K and K Laboratories, Inc.) in sterile normal saline were prepared for
intravenous injections. The extractant {for trypan blue extraction from tissues or blood) con-
sisted of four volumes of 95% ethanol and one voluine of 177% benzalkonium chloride (Zephi-
ran, City Chemical Corp.)

METHODS

The animals were numbered, weighed, and randomly divided into an experimental (sub-
jected to compression-decompression) and a control group (kept at ambient pressure). Both
control and experimental animals received an intravenous injection (marginal ear vein) of
trypan blue solution (4 ml/kg). The experimental animals were injected within 4 min after
decompression to sea level. They were then observed for clinical manifestations of decom-
pression sickness until they dicd or were killed. The animals which died within 75 min after
decompression were not included in these studies. Those which survived for more than 90 min
postdecompression were killed by intravenous administration of sodium nembutal. Control
animals were killed at intervals corresponding to those of the experimental animals. Just prior
to killing, or when death appeared imminent in the experimental group, all animals received an
intravenous injection of heparin solution (1 mli/kg) to maintain liquidity of the blood and permis
perfusion of tissues. Prior to heparin administration a blood sample was obtained for dye
concentration determination. Immediately after dcath the animals were autopsied and the
degree of gross staining of the lungs and brain recorded. The animals were also inspected for
the presence of gas bubbles in tissues ar in blood vessels. The lungs were perfused with normal
saline. Representative portions of lung and brain were fixed in formalin for histologic process-
ing. Tissue sections (5-um thick) stained with hematoxylin-eosin, light eosin, and unstained
preparations were subjected to light and phase microscopy. The extent of trypan blue pene-
tration into tissues was graded. The remaining lung and brain tissue was frozen for dye
extraction at a later time. The data were statistically evaluated (Student’s r-test).

Hyperbaric exposure

The experimental animals were subjected, one at a time, to 90 psig (202.5 fsw) air pressure
for 12 min and then decompressed to sea level in 23 min. Figure | shows the dive profile

.7
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DIVE PROFILE .
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Fig. 1. Compression-decompression schedule used for experimental group of rabbits.

employed. This exposure produced decompression sickness with paraplegia in one third of the
animals. .

Gross and microscopic grading of tissue staining

The degree of tissue staining was graded grossly from 1+ to 4+ according to the intensity
and extent of staining and microscopically from 1+ 10 3+ on the basis of frequency of fields
revealing the presence of dye in tissue and intensity of staining. The grading was done blindly
by two observers. .

Perfusion of lungs

The lungs of both control and experimental animals were perfused with normal saline (under
25 mmHg) by mcans of a catheter inserted into the pulmonary artery. Perfusion continued
until the outflow of the perfusate was clear.

Determination of dye concentration

Trypan blue was extracted from tissues or from plasma samples by a method modified from
Caster (Caster, Simon, and Armstrong 1953; Caster, Simon, and Armstrong 1954). Frozen

i.3
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tissues were thawed, minced and homogenized with distilled water. The homogenate (or
plasma sample) was freeze dricd und then pulverized with a mortar and pestle i0 a fine
powder. The powder was mixed with the extractant (1 g/10 ml) and shaken for 1 min. The
mixture was centnifuged for 3 min and the clear-colored supeinatant collected. This procedure
was repeated until the final extract contained less than 59 of the total dye extracted. Usualty
this required 4 10 5 sequential extractions. The collected supernatants were read in a spee-
trophotometer against the extractant. To correct for interference by other colored material
extracted from tissue or plusma, the following procedure was used. The optical density of the
extracts was ineasured at 400 nm and S75 nm. These wavelengths represent the maxima in the
absorbance curves of dye-free tissue und trypan blue, respectively. The ratio of the absorb-
ance at 400 nmm and 575 nm is constant regardless of concentration. Coriection for interfering
substances was made by algebraic calculations. The standard consisted of the dye alone
dissolved in the extractant. A plot of trypan blue concentration against optical density read-
ings was found to be linear over the range of concentrations measured. The concentration of
the dye was expressed as ug of dye/g dry weight of tissue or m! of blood.

Dye levels in plasma

Since diffusion is involved in the penetration of dyes from plasma to the tissues, it is
important to know the level of dye in the circulating blood. In preliminary experiments dye
concentrations in plasma were determined at various intervals following intravenous adminis-
tration of 2% trypan blue solution (4 ml/kg). Figure 2 shows the mean plasma levels of trypan
blue from 5 to 180 min after dye injection. It can be seen that the curve flattens 75 min after dye
administration and remains practically horizontal at the level of about 230 ug/ml. Since there
was little varation between individual dye concentration curves, it was assumed that animals
which died or were killed at least 75 min after dye injection had approximately equal concen-
trations of circulating dye. This was confirmed in several experimental and control animals by
determining dye concentration in blood samples obtained just prior to death.

RESULTS

Clinical manifestations

Seven of 21 animals subjected to dysbaric conditions developed decompression sickness.
The disease was manifested by paralysis of the hind legs, twitching, and severe respiratory
distress with panting and gasping. Two of the animals which suffered decompression sickness
died a few minutes after decompression and consequently were excluded from the study.

Gross and microscopic examination

Lungs

On gross examination the lungs of all experimental animals appeared stained. In 53% of the
animals the staining was intense, with a patchy or diffuse distribution. In the control group the
langs were stained in 82% of the animals, but the staining was usually focal and weak. Only
one control animal (9%) exhibited intense staining. Figure 3 shows the gross appearance of
experimental and controf lungs. Microscopic examination of unstained preparations of exper-
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Fig. 2. Mcan blood levels of trypan blue at various intervals after intravenous injection of dye.
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imental lungs 1evealed diffuse moderate staining of the alveolar septa, vasculur wall und
perivascular and peribronchiaf tissue with foct of intense dye conventtation (Figs. 4 and §).
These focal accumulations of dye consisted of cither small, diffusely stained, blue patches or
of aggregates of dye granules. In the alveolar septa it was Gifficult o Jetermine whether the
dye granvles were in capillaries, in the interstitial tissue, or in ppeumocytes. Dye gianules
were also seen within several alveolur maciophages. Microscopically, vontiol lungs showed
no evidence of dye extravasation (Fig. 4). except in one case. Table 1 presents the degiee of
stuining on gross and microscopic esamination of indis idual control and experimental anisnals,

Brain

Grossly, the cerebral hemispheres of the experimental gronp eahibited putchy areas of Jight
staining in 8497 of the wninuals. Only one (970 of the control brains was stained. Microscop-
ivally, in unstained prepurations the coercbral parenchym of several experimental imimals
appeared light blue with intensely stained vessels and focal sccumulation of dye granules in
the perivascular tissue (Fig. 6). Localization of dye was possible in preparations stained hightly
with cosin and in unstained preparations examined with light and phase contrast optics.

M Microscopic examination of control brains did not reveal the presence of dye (Fig. 6) exceptin
one animal, Table 2 shows the degree of gross wmd mictoscopic staining in individuad animals,

Dye concentration in tissues

The mean dye concentrations in the Jungs and brain of contrals and of animals subjected to
dysbaric conditions are shown in Table 3. The differences in the mean value between control

_Fig. 4. Lung from a rabbit subjected to compression-decompression (A) exhibiting diffuse moderate
staining of alveolar septa with focal concentrations of dye and intensely stained vascular walls {arrows),
Compare with corresponding control (B) showing absence of dye from alvealar and vascular wall arrow).
{Unstained preparation, original magnification % 256.)
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ained vascular wall in lung of experiinental animal (A) stands in contrast to the

Deeply st

Fig. S.

unstained vesselin corresponding control lung (B). (Unstair

ed prepatation, original magnification x 160.)
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White matter from cerebrum of an animal suhjected to compression-decompiession (A) e vhibit-

ing diffuse moderate staining of parenchyma and inteasely stuined vessel. Corresponding contiol (B)

Fig. 6.

showing absence of dye in parenchyma and vessel. (Unstained preparation, otiginal nusgnification x 756.)
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TABLE ) .

Degree of staining in lung

Compressed -

Decompressed Controls
Animal No. Gross Micro Animal No. Gross Micro

299 ++++5 + 4+ 962 +++ -~
946 ++++ * 300 ++ o+
939 +++ ++ 941 + + -
929 +++ + 943 ++ ~
935 +++ + 947 ++ .
940 +++ + 986 ++ -
932 +++ * 292 + -
938 +++ * 942 + -
952 +++ * %44 + -
979 +++ * 287 - -
945 ++ +++ 291 - -
298 ++ ++

937 ++ ++

934 ++ . +

936 ++ +

954 ++ +

981 ++ +

989 ++ *

933 + +

§See text for grading method; * tissue was not subjected to microscopic examination.

and experimental animals are significant at high levels of confidence. The distribution of
individual dye concentration can be scen in Fig. 7. The same figure correlates the level of dye
concentration with the presence of grossly visible intravascular gas bubbles and with decom-
pression sickness. In all cases of decompression sickness there were grossly visible intravas-
cular gas bubbles. However, their presence was not always associated with clinical manifesta-
tions of the disease. There was some overlap between control and experimental dye concen-
trations in both lungs and brain. It should be noted, however, that none of the experimental
animals with dye concentration values in the control range exhibited intravascular bubbles.
The presence of bubbles in blood vessels was always associated with high concentration of
dye in the brain and lungs. Furthermore, all animals which manifested decompression sickness
had high dye concentrations but the reverse was not always true.

DISCUSSION

* Permeability of blood-organ barriers is not an **all-or-none’* phenomenon. Most substances,
including vital dyes, penetrate these barrers, though sometimes slightly or slowly. Therefare,
barrier permeability to a substance should be quantitated and preferably expressed in terms of

«
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TABLE 2

Degree of stuining in brain

Compressed -

Decompressed Controls
Animal No. Gross Micro Animal No. Gross Micro
951 +++§ ++ %41 + +
940 ++ ++ 287 - - -
945 ++ ++ 289 - -
298 ++ + 292 - -
937 ++ + 300 - -
938 ++ + 942 - -
939 ++ - 943 - -
946 ++ - 944 -7 -
929 + + 947 - -
935 + + 962 - -
952 + + 989 - -
981 + +
933 + -
934 + -
989 + -
299 + *
954 - +
979 - -
932 - *

§See text for grading method; *tissue was not subjected to microscopic examination.

TABLE3

Concentration of dye in tissue

Compressed-
Tissue Decompressed Control Significance
lung 935 + 128+ 434 + 66 0.001 <P <0.01
Brain 12.1 + 1.95 295 + 0.63 0.00] <P <0.01

Values are mcg/g dry tissue; *mean + SEM; significant by Student’s r-test for small samples of unpaired
observations.

.
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DYE CONCENTRATIONS IN TISSUE -
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Fig. 7. Dye concentrations in lungs and brain of experimental and control animals. Note that in
experimental animals with intravascular gas bubbles (o) dye concentrations are higher than in animals with
bubble-free vessels (¢). Horizontal bars represent mean values and (d) indicates animals which suffered
decompression sickness.

rate of penctration. Comparison of barrier permeability to a circulating dye under different
conditions is meaningful only when concentrations of the dye in tissue and plasma are deter-
mined and temporal parameters evaluated.

In the present study transgression of trypan blue through the BBB and BLLB was quantitated
in both control and experimental animals at a time when all animals had approximately cqual

" plasma levels of trypan blue,

The results of gross and microscopic examination and dye concentration determinations
show that a significantly greater amount of dye penctrated the barriers in experimental animals

e
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than in controls. This indicates that dysbaric exposure inareased the BBB and BLB permeahil-
ity to tiypan blue, .

Bouton (1940) obscrved as carly as 140 that the braia appears grossly stained follow ing air
cmbolization and Broman (1949) showed distuiibances in cerebrovasceular permeability result-
ing from cither air or fat embolism. It is not certain whether in our expariments bartier
alterations were caused by gas or other emboli. There was, however, a definite correlation
between grossly visible intravascular gas bubbles and increased dye concentiations in lung
and brain. Al animals whick manifested decompression sickness eatibited increased buaier
permeability but alteration of barriers wis not always associated with decompression sick-
ness. These observations suggest that gas bubbles can cause changes in bardier permeability
even in the absence of clinical manifestations of decompression <ickness. -

The exact mechanism by which dysharic exposure alters barrier permeability is obscure,
Hypoxia caused by emoblization or other cirenlatory disturbances is not a likely pathogenctic
factor since it has been shown that anoxic states of several hours® duration have no deleterious
effects on cerehroviseular permeability to trypan bue (Rroman 1949). In our experiments
anoxia, if present, could not have Listed for more than one hour. Furthermore, changes of the
BBRB have been repotted within i few scconds following intracarotid injection of air, ovygen,
or carbon dioxide (Johansson 1975). One could also discount possible ¢ffects of vasodilation or
changes in blood pH and osmotic pressure since even extieme variations in these pariameters
failed to ulter barmer permeability (Broman 1949). It seems more Lkely that gas bubbles cause
direct mechanical injury of blood vessels or that vascular permeability is altered by the action
of chemical agents released or activated in the course of reactions initiated by blood-bubble
interface activity (Chryssanthou 1973; Hallenbeck, Bove, und Elliot 1973; Chryssanthou
1974b). Smooth muscle activating fuctor (SMAF), which wus shown to be activated by gas
bubbles (Chryssanthou 1974a), incicases vascular permeahility (Chryssanthou, Teichner,
Goldstein, Kalberer, and Antopol 1970), and bradykinin. which has been implicated in decom-
pression sickness and could be activated by gas bubbles (Chryssanthou, Teichner, Goldstein,
and Antopoi 1973; Hallenbeck et al. 1973; Chryssanthou 1974b), has been reported to alter the
BI.B (Chryssanthou and Antopol 1963). It is also conceivable that protein denaturation at the
blood-bubble interface may result in release of protein-bound dye, thus increasing plasma
concentration of free dye. ’

All these postulated mechanisms implicate gas bubbles. Ttis still possible that the observed
correlation between intravascular gas bubbles and barrier alteration has no pathogenetic sig-
nificance and that changes in permeability are caused by other factors related 10 compression
or decompression.

In discussing mechanisms of barrier alteration, one should have the anatomical und func-
tional characteristics of the barriers in mind. The BBB is gencerally believed to be related to the
tight interendothelial junctions and the virtual absence of pinocytotic vesicles from brain
capiltaries (Oldendorf 1974). The nature of the BLLB, on the other hand, is still unclear. It is
thercfore possible that alterations of the BBB and BLB involve different mechanisms.

Changes in the permeability of BBB and BL.B may have pathogenctic implications in de-
compression sickness. It has alrcady been emphasized that all animals which suffered decom-
pression sickness exhibited increase in barrier permeability. Metabolites, released or activated
humoral agents, and other plasma components which normally do not penetrate the BBB and
BL.B may, under dysbaric conditions, gain access to the brain or lung and cause pathologic
changes. Parenthetically, it can be noted that the observed dysbaric alterations of the BBB
may suggest new methods for administering chemotherapeutic agents, antibiotics or neuroac-
tive drugs which under normal conditions do not penetrate the BBB.

29
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Chryssanthou, C., M. Springer, and S. Lipschitz. 1977. Alt¢ration de la buriere hémato-
encéphalique et hématopulmonaire par Fexposition dysbarique. Undersea Biomed. Res. 4(2):
117-129.-—La constatation que certaines des substances circulantes ne réussissent pas a pénétrer
dans certaines organcs est a 'origine du concept des barrieres hémato-orgaunigues. Ces barricies se
Iaissent altérer par des moyens physiques ou chimiques. Nous rapportons la maodification de la
barri¢re hématoencéphalique et de la barriere hématopulmonaire par 'exposition dysharigue. Des
injections intravéneuses de bleu trypan ont €1€ administrées 4 19 lapins “"expérimentaux’ (qui ont
subi la compression-décompression) et a 11 animaux témoins, Qu'on a gurdés a la pression um-
biunte. Les eaxamens anatomiques et microscopiques, ainsi que la détermination du taux de colo-
rant cxtrait des tissus, ont mis en évidence une plus grande pénétration du colorant dans les
poumons et les cerveaux des animaux expérimentaux. La concentration cérébrale en était 12,10
pg/g tissu chez les expérimentaux, et 2,93 ug/g chez les témoins; la concentration pulmonaire en
était 935 ug/g et 434 pglg, respectivement (0,01 > P 0,001). La perméabilité sugmentée des bar-
ricres hémato-cncéphaliques et pulmonuires est associée aux bulles intravasculaires. Le
mécanisme de I"altération des bairieres peut impliquer des agents chimiques activés par tlinterface
gaz-sang ou des lesions vasculaires dues aux bulfes. Ces observations peuveant contribuer a I'éluci-
dation de la pathogénie de la maladie de décompression, et suggérer de nouvelles méthodes pour
faciliter la pénétration des agents thérapeutiques dans le cerveau.

barriéres hemato-organiques perméabilité maladie de décompression
blen trypan compression-décompression pathogénie
lapins bulles intravasculaires
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Increased blood-brain barrier permeability to
tetracycline in rabbits under dysbaric conditions
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Chryssanthou, C.. B. Graber. 8. Mendelson. and G. Goldstein. 1979, Increased blood-brain barrier
permeability to tetracyveline in rabbits under dysbarie conditions. Undersea Biomed. Res. 6idy:
319- 328 — Alteration of the blood-brain barrier (BBB) by dysbaric exposure may have relevance
in several areas of hy perbaric medicine. Drugs administered to persons exposed 1o dy sharic condi-
tions. e.g., divers, compressed air workers, may penetrate the brain in amounts that could produce
tonvic or undesirable effects. Madification of the BBR may also hinve pathogenetic implhications in
decompression sickness, Furthermore, increased BBE permeability to certam potentiadly asetul
antitumot agents, antibiotics. and other compounds under dy sbaric conditions may provide the
basis for a new therapeutic approach. This report concerns the influence of dysbaric exposure on
BBB permeability to an antibiotic. Tetracychne (530 mg kg) was ntravenoushy ingected in 22
experimentad vabhits (sublected o air compression-decompressioni and 17 controls thept at am
bieat pressurer. Fluorescence microscopy and spectrometry revealed significantly greaten tetracy -
cline concentrations in 72.7°7 of the experimental brains. With the S mg Kg dose. the meun tetricy -
cline concentration was 0.17 pg g in control brains and 0.33 g ¢ in experimentals. These results
indicate that dysbaric exposure increases BBB permeability to tetriey cline. It appeirs thut BBB
alteration is related to intravascular gas bubbles but is independent of the development of decom-
pression sickness. The conclusions of this investigition are pertinent to brain pharmacotherapy and
may provide some new insight into the mechanism of decompression sickness. They also point to
potential risks connected with drug administration under dysbaric conditions that can alter BBB
permeability.

blood-brain barrier compression-decompression
barrier alteration decompression sickness
increased brain permeability intravascular gas bubbles
tetracycline rabbits

brain pharmacotherapy dysharic exposure

drug risks under dvsbaric conditions

The permeability of the blood-brain barrier (BBB) to vital dyes was shown to increase as a
result of exposure to compression-decompression (Chryssanthou. Springer. and Lipschits
1977) and air embolization (Johansson 19751, The significance of this observation and its
relevance to hyperbaric medicine is threetold.

PooA virdety of drugs. and particukarly those with Jow ipid solubility or o high degree of

v aten o not i pesctrarg the HRR P apose ta comprossion decompression
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may, however. by increasing barrier permeability. allow larger amounts of the drug o
enter the brain and produce toxic or undesirable eftects. Therefore. the possibility of
BBB modification under dysbaric conditions should be an important consideration in the
pharmacotherapy of divers and compressed air workers.

2. Changes in the BBB may huve pathogenetic implications in decompression sickness and
other dysbaric disorders.

3. Alteration of the BBB by dysbaric exposure may suggest new methods for therapeutic or
diagnostic administration of compounds that, under normal conditions. do not penetrate
the BBB or do so to a very limited extent.

The present communication deals with the effect of dysbaric exposure on the permeability
of the BBB to tetracycline. This antibiotic was selected because appropriate light stimulation
causes fluorescence. which enables easy detection on gross and microscopic examination and
measurement by fluorescence spectroscopy.

MATERIALS AND METHODS

Thirty-nine albino female rubbits weighing 2.5 to 5.0 kg were used. They were kept in metal
cages in a separate animal room with controlled temperature (65°—68°F) and relative humidity
(50%) and fed Purina Rabbit Chow and water ad libitum. The animals were used experi-
mentally after a stabilization period of 2-3 weeks. They were then weighed. numbered. and
randomly divided into an experimental and a control group. Both groups received tetracycline
HCl injected into the marginal euar vein. Tetracycline doses of §. 10. 20. and 40 mg'kg body
weight were administered to . 5. 4. and 5 experimental animals and to 6. 4. 3. and 4 controls.,
respectively. The experimental animals received the tetracycline injection immediately after
exposure to dysbaric conditions. They were then observed for clinical manifestations of de-
compression sickness until they died or until they were killed by sodium nembutal administra-
tion 90 min after the tetracycline injection. Control animals Kept at ambient pressure were
kilfed after the same post-tetracycline interval as that of the corresponding experimental
rabbits. Because of space limitations in the hyperbaric chamber. these experiments were
conducted in 16 runs, with | or 2 experimental and 1 or 2 control animals in each run.

All animals were autopsied immediately after death. Blood vessels and tissues were
examined for gas bubbles. The brain was inspected under ultraviolet light for possible sites of
tetracycline fluorescence. Representative sections of the brain were taken for microscopic
examination, and the remaining tissue was frozen to be used for extraction and spec-
trophotometric quantitation of tetracycline at a later time. The gross and microscopic findings
and the results of the spectrophotometric determinations of tetracycline concentrations in
control and experimental animals were compared and checked for possible correlation with
intravascular gas bubbles or signs of decompression sickness,

Dysbaric exposure

The animals of the experimental group (1 or 2 at a time) were placed in a hyperbaric chamber
(Bethlehem Corp.. Model 1835 HP) with controlled temperature (68°-72°F) and relative
humidity ¢50%) and subjected to a dive profile previously described (Chryssanthou et a). 1977)
tFig. .
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Fig. 1. Compression-decompression schedule used for experimental group of rabbits,

Fluorescence microscopy

Representative samples from varions parts of the brain were obtained and unstained frozen
sections were examined by a Zeiss photomicroscope under ultraviolet dight using BG-12 oy
UG-2 exciting filters and BG-23 or OG-5 barrier filters. The sections were fived in absolute
alcohol and mounted in glycerine. Under these conditions, tetracycline emits o golden-s cllow
fluorescence. Evaluation of the degree of tetracyveline penctration was done blindhy by two
observers by grading the sections from 0 to 3+ on the basis of the intensity and extent of
fluorescence.

Extraction and chemical determination of tetracycline

Tetracyclines torm highly {luorescent complexes with divalent metal ions and barbiturates,
These can be extracted from agueous medium with various organic solvents and read in a
fluorescence spectrometer (Kohn 1961). After removal of sections for microscopic ¢xamina-
tion. the remainder of the brain tissue was immediately frozen until ready to be extracted. At
that time the tissue was thawed and homogenized. A weighed amount of ground tissue was
extracted by shaking with .0 N HCE at S C for 1 h, After centrifugation. an aliguot of the
supernatant was deproteinized. Sodiam barbitiad and calcium chioride were added. wnd the

st
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minture extracted with ethyl acetate. The ethy] acetate layer was withdrawn and read at an
excitation wavelength of 390 om and a fluorescence wanvelength of 320 nm. The instrument
used was a Perkin-Elmer Fluorescence Spectrometer 204, Comparison was made against
standards prepared from tetracycline hydrochloride.

Statistical evaluation

The results of chemical determinations were evaluated by Student’s f-test and those of the
microscopic grading by the chi-square test.

RESULTS

Clinical manifestations

Eight of the 22 animals that were subjected to compression-decompression exhibited signs
of decompression sickaess, including paralysis of the hind legs and respiratory manifestations
with panting and gasping. Six of these animals died: their death was in most cases preceded by
severe respiratory distress and convuisions. Table 1 lists the clinical observations in relation to
the degree of increused permeability of the blood-brain barrier.

TABLE 1
B10OD-BRAIN BARRIER PERMEABI ITY INCREASE AND MANIFESTATIONS
OF DECOMPRESSION SICKNESS

Animals With Animals Without
Decompression Sickness Decompression Sickness

Signs* of

Animal EC Decompression Animal E:C
No. Ratio Sickness No. Ratio
9 2.14 PCD 21 6.60
30 2.00 P 8 3.07
4 1.73 RCD 39 2.37
7 1.67 RPD 40 2.04
3 1.67 PCD 23 1.58
19 1.65 RCD 37 1.30
5 1.53 CD 25 1.22
18 0.96 R 13 1.17
36 1.13
34 0.78
29 0.78
15 0.70
32 0.67
27 0.30

Mean=+seM** 1.67+0.12 1.90+0.47

E/C ratio = ratio of tetracycline concentration. Experimental/Control; *P - paralysis tusually para-
plegia): R = respiratory distress: C = convulsions: D = death: **P ~0.09 (Ns).
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Fig. 2. Cerebrum from a rabbit that received tetracyeline (40 mg kgt intravenoush after exposure to
dysharic conditions. Bright fluorescent foci (tetrucyeline) are present in frontal and temporil lobes.,

Gross examination

Appreciable fluorescence under ultraviolet fight was only observed in the brain of @ few
animals subjected to dysharic conditions. Some of these brains exhibited foci of intense
golden-yellow fluorescence (Fig. 2). In the control animals, fluorescence in the brain was seen
only in an occasional animal and was faint and ditfuse. In general. however, there were no
significant differences in gross fluorescence between experimental and control animals. 1n-
travascular gas bubbles. particularly in the vena cava and the right side of the heart. were seen
in most of the experimental animals. In many of them gas bubbles could also be detected in the
arterial system.

Microscopic examination

Microscopic examination of unstained frozen sections of brain tissue revealed detectable
fluorescent foci in all of the experimental animals but only in a few of the controls. Further-
more. the intensity of fluorescence in brains of animals exposed to dysbaric conditions was
significantly greater than in controls (Fig. 3). Fluorescence was assumed to be due to tetracy-
cline. since the excitation light and the filters used produced the expected color characteristics.
Fluorescent toci varied in size and brightness and vandlv appeared as chinters dispersed
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Fig. 3. Section from cerebral cortex of a rabbit subjected to dysbaric conditions and (A) exhibiting
clusters of intensely fluorescent foci (tetracycline): in contrast, corresponding section from a control
animal (B) kept at ambient pressure shows faint diffuse auto-fluorescence and only a few scattered
fluorescent foct. Both control and experimental animals were intravenously injected with same dose of
tetracycline (S mg/kg) and were killed at same interval after injection. (Unstained frozen section. original
magnification x 64).

several areas of the cerebrum (Fig. 3). They were also seen in the wall of vessels and in the
perivascular tissue (Fig. 4). Table 2 summarizes the grading of fluorescence in the brain of
\ individual control and experimental animals injected with § mg/'kg tetracycline.

‘ Extraction and fluorescent spectrometry of tetracycline

Table 2 shows the concentration of tetracycline in the brain of individual experimental and
control animals after intravenous administration of S mg/kg tetracycline. It is evident that in
the experimental group. tetracycline levels are higher than in controls, with statistically signif-
icant differences. The table also shows positive correlation between tetracycline concentra-
tions determined by fluorescence spectroscopy and the degree of tetracycline fluorescence
determined microscopically. Figure 5 presents the mean concentrations of tetracycline in the
brains of control and experimental animals after different intravenous doses of tetracycline. It
is again apparent that, in animals subjected to compression-decompression. tetracycline pene-
trated the BBB to a greater degree than it did in controls. Table 1 presents the magnitude of
BBB permeability alteration in each experimental animal in terms of the ratio of brain tetracy-
cline concentration in the experimental animal over the concentration in the corresponding
control tEAC ratioy. It can be seen that in 72.7% (16/22) of the animals, exposure to dysbaric
conditions resulted in increased BBB permeability (E/C ratio higher than 1). This effect is
statisticatly significant, with a probability of 0.02 - P - 0.05. The table also compares the £ C
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Fig. 4. Cerebral cortex from a rabbit that received tetracyctine (5 mg/kg) intravenously after dysbaric
exposure. (Auto-fluorescence of elastica outlines a portion of a cerebral vessel.) Bright fluorescent foci
ttetracycline) can be seen in wall of vessel ta) and in perivascular tissue (b,

TABLE 2
DEGREF OF PENFIRATION OF BLOOD-BRAIN BARRIER BY TETRACYCTINE (5 MG KG)
Experimental Control
Chemical Chemical
Rabbit Fluorescence Determination.  Rabbit Fluorescence Determination.
No. Microscopy* ug/g tissue No. Microscopy* ug'g tissue
3 3+ 0.35 16 1+ 0.23
8 2+ 0.43 2 1+ 0.21
9 2+ 0.30 6 0 0.15
7 2+ 0.25 12 0 015
S 2+ 0.23 10 0 0.14
N 2+ 0.16 14 0 0.12
13 2+ 0.14
4 ]+ 0.26
Mean** 2.00 0.33 0.27 0.17
+SEM +0.19 +0.21 +0.03 +(.01

* - Graded 0to 3+ **0.02 - P - 0.05.
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Fig. S Effect of u dysbaric exposure on permeability of BBB to tetracycline ufter intravenous tet-
racvcline admimistration at various dose levels. Height of columns represents mean concentration of
tetracycline in brain, and vertical lines represent sy M.

ratios between animals that manitested signs of decompression sickness and those that did
not. There was no significant correlation between BBB alteration and ~igns of the discase
009, Of the 16 animals in which exposure to compression-decompression catised in-
creased BBB permeability . 7 developed clinical signs but 9 did not.

DISCUSSION

The results of this investigation suggest that dysbaric exposare can increase the permeabil-
ity of the blood-brain barrier to tetracycline. The tindings are consistent with previous reports
that dysbaric exposure and air embolizution increase BBB permeability to intravenously in-
jected vital dyes (Johansson 1975; Chryssanthou et al. 1977). The data presented in Table |
indicate that 7 out of ® animals that manifested signs of decompression sickness exhibited
appreciable increases in BBB permeability. On the other hand. the data show that the BBB
was altered by dysbaric exposure also in animals that did not develop decompression sickness.
More than half of the animals in which BBB permeability increased did not e xhibit any clinical
manifestations. In fact. the three animals that exhibited the greatest alteration of the BBB
thighest E:C ratio) were entirely asymptomatic.

These observations may be pertinent and significant in several areas. An important aspect of
the possible dysbaric alteration of the BBB is the potential danger of toxic or undesirable
effects of medication received by persons exposed to significant changes of atmospheric
pressure, e.g.. divers, compressed air workers. [t is important to be aware of the possibility
that. because of barrier muodification. certain drugs administered to subjects under dysbaric
conditions may enter the brain at undesirably high levels. In addition to possible health
hazards, increased permeability of the BBB to certain drugs may result in sedative or excita-
tory effects. in impaired perception or judgment, or in behavioral changes. Such effects could
interfere with the subject’s performance or even jeopardize his safety,
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Maoditication of the BBB by dyvsbarie condiions may abso provide new ansight into the
mechanism o decompression sichness. Humoral agents or cellular factors wath potential
centrul effects released or activated in the course of the disease and metabolites und neuroog
tive substances that normaliy have limited aceess to the brain may . under dy sharic conditions,
penetrate the barrier @t higher rates and produce effects associated with the pathogenesis of
dy sbarnic disorders.

Finally, alteration of the BBB by compression-decompression introduces the possibility of a
new approach in the pharmacotherapy of the brain. The BBB constitutes a serious obstacle in
the administration of potentially useful antitumor agents, antibiotics. and neuroactive drugs
that. under normal conditions. do not penetrate the BBB. To pass across the BBB. antibiotics
or other drugs should be characterized by high partition parameter values (product of un-
ionized fraction ~ partition coefficient). which reflect the ability of a drug to partition between
a lipid phase und aqueous solution. There is o general correspondence between partition
parameter value and CSFplasma concentration ratio tJucobs 1940 Brodie. Kurz. and
Schanker 1960). Drugs with low partition parameter values may have to be administered
intrathecally into the cerebrospinal fluid to bypuss the BBB (Weinstein 1970),

Most efforts to overcome this difficulty have been directed to the synthesis of drugs with
properties that would allow greater barrier permeation. This aupproach. however. did not prove
successtul in treating meningitis. leukemia. or other brain disorders (Rappaport 1976).

A promising approach to this problem would be 1o administer drugs under conditions that
increase BBB permeability to the administered substance. Diverse chemical and physical
means. including bucterial products. brudykinin, gas embolization. hypertonic perfusion. and
X rays. have been reported to alter the permeability of blood-organ barriers tBouton 1940:
Broman and Lindberg-Broman 1945: Broman 1949: Clemente and Holst 1954: Chryssanthou
and Antopol 1961: Chryssanthou and Antopol 1963 Rappaport. Bachman. and Thompson
1972: Johansson 1975). The observed increase in BBB permeubility under dy sharic conditions
opens i@ new avenue of investigation that may lead to effective and sate methods in briin
pharmacotherapy. Encouraging in reference to this speculation is the observation that the
BBB can be modified by exposure to dysharic conditions in the absence of clinical signs of
decompression sickness. The possibility that the BBB can be altered by dy sharic exposures
that present minimal or no risks of producing dysbaric disorders merits exploration.

The mechanism of BBB modification by dysbaric exposure is still obscure. There are
observations that implicate intravascular gas bubbles (Johansson 1975 Chryssanthou et al.
1977). According to the findings of the present and earlier studies. however. the presence of
gas bubbles is not necessarily associated with clinical manifestation of decompression sick-
ness. Gas bubbles can be ““silent™ (asymptomatic) and still produce BBB alterations.

This work was supported by the Office of Naval Research, Department of the Navy. Contract #N00014-75-C-0312, and
the Lenore Weinstein Fund. The authors thank Ms. G. Molenge. Ms. S. Marrin, and Mr. J. Rice for their technical help,
Mr. O. Yalis for the photography, and Ms. E. McManus for her secretarial assistance. —Manuscript received for
publication April 1979; revision received July 1979.

C. Chryssanthou. B. Graber, S. Mendelson. et G. Goldstein. La permeéabilite accrue de la barriére
cérébro-sanguine”’ des lapins a la tétracycline dans les circonstances dysbares. Undersea
Biomed. Res. 6: 319-328. 1979, Un changement de la barriere *"cerebro-sanguine (BCS effectue
par une exposition dyshare peut-étre important aux ceriains domaines de la medecine hyperbare.
Les drogues adminstrees aux personnes qui ont e1e exposces auy circonstances dyvshares, e.g.. les
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plongeurs, les ouvriers de Ve compnme. peat penetrer le cenveas en quantiles que peusent
produire fes etfets tovigues ou malseiunts. Une moditication de L BOS peut avoir ausst des implica-
tions pathogenes i propos de L maladie de decompression. De plus, lu permeibilite accrue de L
BCS auy certains agents anti-tumeur potentiellement utiles. uy antibiotiques et qus autres com-
poses aun arconstances Jdysbhures peuvent tournir la fondation d'une approche nouvelle
therapeutique. Ce compte rendu concerne Pinfluence de Pesposition dysbare sur ta permeabilite de
la BCS & une antibiotique. Vingt deuy fapins-cobuy e sujete i 1wr compression-decompression ¢t
17 kipins controles maintenus & la pression ambicnte ont subi des injections intraseineuses de s
tetracycline (5-40 mg kg). La microscopie fluorescence et kospectrometrie ont expose les coneen-
trations de la tetracveline en quantite beaucoup plus important dans 72777 des cenveauy eaperi-
mentaun, A une dose de Smg kg, la concentraton moyenne de tetracyeline aete 0017 pg g parmi fes
cerveauy controles et 0.33 e g parmi les cerveaun experimentaun. Ces resultats indiquent gue
Fexposttion dysbure augmentent la permeabibte de lw BCS G Lo tétracycline. 1 appardit gque le
changement de la BCS e rapporte aux boules intravasculaires du gaz mais est independante du
developpement de Li maladie de decompression. Les conclusions de cette enquete se rapportent
ta phirmacotherapic du cerveau et peuvent fournir des considerations nouvelles ches e mecanisme
de i maladie de decompression. 1l entrainent aussi aux risques potentiales qui se rapportent o
I"administration des drogues dans fes circonstances dyshares qui peuvent changer L permeabilite
de Tu BCS.

barriere “cerebro-sanguine”’ maladie de decompression
alterstion de La barniere boules intravisculaires du gas
permeubilite wccrue du cerveau lapins

risques des drogues duns les circonstances dysbares exposition dyshure

compression-decompression
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39 MODIFICATION OF THE BLOOD-BRAIN BARRIER BY SMOOTH MUSCLE
ACTING FACTOR (SMAF). €. Chryssanthou, R. Kersh* and

M. Marglotta*. Beth lsrael Medical Center and Mount Sinal
School of Medicine of the City University of N.York, N.Y,10003.
Dysbaric exposure and air embolization increase blood-brain
barrier (BBB) permeability to vital dyes and drugs. Modiflca-
tion of the B8BB is relevant to the pharmacotherapy of divers
and compressed air workers and may have pathogenetic implica-
tions in decompression sickness (DS). Chemical medlators re-
leased or activated by gas bubbles have been considered as
factors in the development of BBB alteration by dysbaric ex-
posure. The previously described smooth muscle acting factor
(SMAF), which increases vascular permeability, is activated by
compression-decompression In vivo and by air bubbles in vitro.
In view of the above, the possible effect of SMAF on the BB8
was explored. Efach of 8 experimental and 9 control rabbits
were intravenously injected with 80mg/kg trypan blue; 30 min.
later they received, under nembutal anesthesfa,an Intracarotid
dose of 5mg/kg SMAF (experimentals) or an equal volume of 0.9%
NaCl (controls); one hour after dye injection the brain was
perfused with 0.9% NaCl to flush out blood and then removed
for microscopy and dye extraction. The mean dye concentration
in the brain was 12.3ug/g tissue in experimental animals and
3.8ug/g tissue in controls (P<0.001). Dye was microscopically
detected in frozen sections of experimental brains but not
in controls. These results indicate that SMAF increases BBB
permeability suggesting that SMAF may be implicated in dysbar-
ic modification of the BBB. (Supported by the Office of Naval
Research, Department of the Navy, Contract #NOOO14~75-C-0312.)
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BIOCHEMICAL EFFECTS OF PRESSURE,
INERT GASES, OXYGEN

REVERSIBILITY OF DYSBARIC ALTERATION OF THE BLOOD-BRAIN BARRIER.

C.P. Chryssanthou, R. Fuhrer* and D. Higgins*. Beth Israel Medical
Center and Mount Sinai School of Medicine of the City University of “ow
York, N. Y. 10003.

It has been reported that blood-brain barrier (BEB) pernecability in
rabbits can be nodified by exposure to dysbaric conditions. These obser-
vations were confirmed by other laboratories in studies on rats and
guinea pigs. The present investigation deals with the reversibility of
dysbaric BBB alterations. A total of 40 rabbits were subjected to 90
psig air pressure for 12 min and then stage decompressed to sea level in
40 min. They were divided into 4 groups of 13, 6, 5 and 16 animals which
were intravenously injected with 2% trypan blue (4 mi/kg) iriediately,

6, 16 and 24 hours after decompression respectively. The animals were
sacrificed 90 minutes after dye injection. Dye penetration of the BBB
was determined by extraction and colorimetric measurements of dye concen-
tration in brain tissue and by microscopic examination of representative
brain sections. !Mean dye concentration was 26.2 mcg/g brain tissue in
animals injected immediately after decompression and 12.2 mcg/g in the
group injected 24 hours later (P<0.02). Microscopic examination also
revealed lesser penetration of dye with longer intervals between decom-
pression and dye injection. The results suggest that dysbaric alter-
ation of the BBB is reversible. These observations are pertinent to the
question of possible risks of toxicity or undesirable (NS effects in
divers and compressed air workers receiving drugs. Modification of the
BBB by dysbaric exposure and its reversibility may also have potential
applications in brain pharmacotherapy. (Supported by the Office of
Naval Research, Department of the Navy, Contract #N0O0D014-75-C-0312).

EFFECTS OF HYPERBARIC NORMOXIC EXPOSURE ON BRAIN GLUCOSE PHOSPHORYLATION
AND BLOOD-BRAIN BARRIER GLUCOSE TRANSPORT. T. Obrenovitch* and F. Brue#.
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